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Magnesium composites containing carbon reinforcements were 
synthesized through powder metallurgy route using microwave assisted rapid 
sintering technique followed by hot extrusion. Five different types of carbon 
reinforcements were studied. (1) Multi-walled carbon nanotubes (CNT), (2) 
Ni-coated multi-walled carbon nanotubes (Ni-CNT), (3) Graphene 
nanoplatelets (GNP), (4) Graphene oxide (GO) and (5) Ni nanoparticles + 
Graphene nanoplatelets (Ni+GNP). 
In the development of Mg/Ni-CNT composites, Ni-coated CNT were 
used as the reinforcement. The effects of increased Ni-CNT loading (0.06wt.% 
to 0.3wt.%) were investigated. An enhancement in mechanical properties was 
observed with increased loading of Ni-CNT. For Mg/0.3wt.%Ni-CNT 
composites, simultaneous increase of the microhardness +41 %, UTS +39 % 
and 0.2% YS +64 % in comparison with that of the monolithic Mg were 
achieved. Comparison studies were conducted with Mg/0.3wt.%CNT. 
Interfacial properties were enhanced in Mg/Ni-CNT composites through the 
formation of Mg2Ni intermetallic at the Mg-Ni-CNT interface. However, poor 
interfacial properties were observed in Mg/CNT composites due to clustering 
and the formation of a discontinuous Mg/O layer at the Mg-CNT interface 
(Chapter 4). 
Based on the studies of 1D CNT reinforcements, comparison studies 
were made with 2D GNP reinforcements. Mg/GNP composites were 
synthesized and the effects of increased GNP loading (0.1wt.% to 0.5wt.%) 
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were investigated. An enhancement in mechanical properties was observed up 
to 0.3wt.% of GNP . For Mg/0.3wt%GNP composites, simultaneous increase 
of the UTS +13 % and 0.2% YS +17 % in comparison with that of the 
monolithic Mg were achieved. Comparison studies were conducted with the 
same loading fraction CNT. No improvement in mechanical properties was 
observed for Mg/0.3wt.%CNT composite due to the higher porosity in the 
CNT clusters resulting in a weak interface with the Mg matrix (Chapter 5).  
Motivated by the enhancement in mechanical properties in Mg/GNP 
composites, GO reinforcements were used.  The effects of increased GO 
loading (0.1wt.% to 0.3wt.%) were investigated. Mg/0.3wt.%GO composites 
gave the best mechanical properties with simultaneous increase of the 
microhardness +21 %, UTS +10 % and the 0.2% YS +29 % in comparison 
with that of the monolithic Mg. Comparison studies were conducted with 
Mg/0.3wt.%GNP. Due to the presence of surface oxygen groups in GO 
reinforcements, interfacial properties were enhanced in Mg/GO composites 
through the formation of MgO at the Mg-GO interface. However, poorer 
interfacial properties were observed in Mg/GNP composites due to clustering 
(Chapter 6). 
Further improvements in the mechanical properties of Mg/GNP 
composites were explored through the addition of Ni nanoparticles. The nano-
sized Ni particles (0.5wt.%) improved the dispersion of the GNP in the Mg 
matrix by the generation of a strengthened interface through the formation of 
an optimal amount of Mg2Ni intermetallics. Mg/0.5wt.%Ni+0.3wt.%GNP 
composites gave the best mechanical properties with simultaneous increase of 
the microhardness +42 %, the elastic modulus +29 %, the UTS +66 % and the 
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0.2% TYS +130 % in comparison with that of the monolithic Mg . There were 
also improvements in the compression properties, UCS +37 % and 0.2% CYS 
+35 % in comparison with that of the monolithic Mg (Chapter 7). 
Overall, interfacial strength between the Mg matrix and carbon 
reinforcements could be enhanced significantly through the addition of an 
effective interface material.  
 ix 
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Owing to their low densities (~1.74 g/cm
3
), the specific strength of 
magnesium (Mg) and its alloys is comparable to other engineering materials 
such as aluminum, titanium, or steel. This characteristic, together with their 
excellent castability, make magnesium alloys very attractive for weight-
critical applications [1].  
Carbon (C)-based reinforcements, in particular carbon nanotube (CNT) 
[2] and graphene [3] have attracted considerable attention in the last several 
years because of their exceptional properties such as high elastic modulus (~1 
TPa for both CNT and graphene) [4, 5], mechanical strength (~103 GPa for 
CNT [5] and ~130 GPa for graphene [6]) and thermal conductivity (~3000 
W/m.K for both CNT and graphene) [7]. Both materials being defect free with 
low dislocation densities is the key driving force behind the development of 
advanced engineering composites. Their low densities (~2.1 g/cm
3 
for CNT 
[8] and 2.25 g/cm
3
 for graphene [9]) also make them suitable for 
reinforcements in composites systems for weight critical applications. Their 
high temperature stability in air (652 °C for MWNT [10] and >600 °C for 
bilayer graphene [11]) is highly desirable for processing of metal composites, 
which usually occurs close to the melting temperature of the metal (~640 °C 
for Mg). A large portion of the research has been focused on the development 
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metal matrix composites (MMCs) with CNT reinforcement remain in their 
infancy stage [13]. This disparity in the amount of research is seen in 
graphene-based composites as well.  
Major challenges in the synthesis of CNT reinforced MMCs include 
the difficulty in incorporating and distributing CNTs evenly in the metal 
matrix as well as insufficient wetting between the CNTs and the metal 
matrices. Due to the high aspect ratio of CNTs, clustering of individual CNTs 
is an issue which in turn prevents effective joining of CNTs to the surrounding  
matrix, thus resulting in voids which can affect the long term reliability and 
mechanical performance of the composite [14].  As a result, the full potential 
of CNTs in magnesium matrices is yet to be fully explored due to this 
interface joining challenge. In the case of graphene reinforced composites, 
researchers have seen mixed results with some reporting little or no increase in 
mechanical strength in metal matrices [15] while those working on polymer 
matrices [3] have seen significant increases in strength. Many of these 
differences are a result of the quality of dispersion, fabrication method and 
interfacial reactions that occur.  
Accordingly in this study, the significance of the proposed research is 
the fundamental advancement of knowledge in the area of synthesis of carbon-
based reinforced magnesium composites. Experimental research studies will 
contribute to a better understanding of the dispersion mechanism for the 
various carbon reinforcements (i) multi-walled carbon nanotubes (CNT), (ii) 
Ni-coated multi-walled carbon nanotubes (Ni-CNT), (iii) graphene 
nanoplatelets (GNP), (iv) graphene oxide (GO) and (v) Ni nanoparticles + 
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engineering through careful selection of reinforcement composition could 
result in the formation of oxides and intermetallics, improving the adhesion 
between the reinforcement and Mg matrix. With the enhanced interfacial 
interaction, the composite systems could yield superior mechanical properties. 
These improved properties would make the composites even more attractive 
for light weight, high strength and high stiffness applications in the aerospace, 
sports equipment and automobile industries.  
 
1.2 Scope of Work 
The objectives of this PhD project are as follow:  
1. To develop dense and mechanically enhanced Mg composites containing 
carbon reinforcements using the powder metallurgy route incorporating 
microwave assisted rapid sintering and hot extrusion. 
2. To explore the use of suitable interface materials such as oxides or 
intermetallics to achieve improved interfacial adhesion between the Mg 
matrix and carbon reinforcements. 
3. To assess the physical, mechanical and microstructural properties of the 
Mg composites.  
4. To provide an insight into the mechanisms governing the strengthening of 
the Mg composites and the interfacial interaction between the carbon 
reinforcements and the Mg matrix.  
 
1.3 Organization of Thesis 
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Chapter 2 introduces the literature survey related to the current 
research project. It includes background of metal matrix composites, selection 
of metal matrix materials, production methods for Mg-MMCs, selection of 
reinforcements, background on carbon nanotubes, graphene and graphene 
oxide, background on carbon reinforced metal composites and strengthening 
mechanisms in carbon-based reinforced composites. 
Chapter 3 describes the details of materials, processing methods and 
characterization techniques used for the development of magnesium materials. 
Chapters 4 to 7 present the physical, microstructural and mechanical 
properties of the monolithic Mg and Mg composites (Mg/CNT, Mg/Ni-CNT, 
Mg/GO, Mg/GNP, Mg/Ni+GNP). The chapters also include the factors (in 
terms of the dispersion of reinforcement in the Mg matrix, the reinforcement-
matrix interface and geometry of the reinforcement) influencing the strength 
of the composites. 
Finally, the overall conclusions and proposed set of recommendations 
for the future work are respectively listed in Chapters 8 and 9. 
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2.1 Metal Matrix Composites (MMCs) 
Metal matrix composites (MMCs), like all composites; consist of at 
least two chemically and physically distinct phases, suitably distributed to 
provide properties not obtainable with either of the individual phases. In 
comparison with unreinforced metals, MMCs have major weight savings due 
to higher strength-to-weight ratio. They also have higher elevated temperature 
stability and significantly improved cyclic fatigue characteristics. Although 
polymer matrix composites (PMCs) are the most widely used type of 
composites due to their low cost and ease of fabrication, MMCs offer distinct 
advantages. These include higher strength and stiffness, electrical conductivity, 
thermal conductivity and ability to withstand high service temperatures [1].  
 
2.2 Selection of Metal Matrix Materials 
The purpose of the matrix is to combine the incorporated 
reinforcement and to form a composite material. The matrix also aids to take 
up external loads and to distribute them over the whole volume of composite. 
The selection of a suitable matrix is mainly determined by the intended 
applications of the composite material. More recently, the development of 
light weight metal matrix composites has gained considerable interests due to 
the attractive properties of the light weight metals. Among them, magnesium 
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alloys have been increasingly used in the automotive industry due to their 
lightweight characteristic. The density of magnesium (1.74 g/cm
3
) is 
approximately two thirds of that of aluminum, one quarter of zinc, and one 
fifth of steel. As a result, magnesium alloys offer a very high specific strength 
among the conventional engineering alloys. In addition, magnesium alloys 
possess good damping capacity, excellent castability and superior 
machinability [2, 3].  The grain refinement strengthening effect of magnesium 
alloys is also more significant compared to aluminum alloys because the Hall-
Petch coefficient for magnesium is four times that of pure aluminum (Mg: Ky 
= 280 MPa m-1/2 and Al: Ky = 68 MPa m
-1/2
) [3]. Hence, magnesium is 
chosen as the base metal in this study. 
Despite the above-mentioned attractive properties, there are some 
disadvantages to the application of magnesium. These include limited strength 
at elevated temperatures and high thermal expansion coefficient (~ 10 % 
above the corresponding value for aluminum). These limitations are often put 
forward as an argument against the use of magnesium. Therefore, attempts 
have been made to improve the characteristic profile of magnesium by 
employing the use of stronger, stiffer and thermally stable materials as 
reinforcement to circumvent these limitations. 
 
2.3  Production Methods for Mg-MMCs 
There are two production methods for Mg-MMCs, namely liquid and 
powder metallurgy. One of the key challenges in the synthesis of composites 
is to homogeneously disperse the reinforcements in the metal matrices to 
achieve enhanced mechanical properties.  
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2.3.1 Liquid Metallurgy 
In composites processed in liquid metallurgy, the reinforcement is in 
contact with the molten metal matrix for a considerable amount of time. This 
can result in reaction between the two components. The properties of the 
composite can be adversely affected due to the reinforcement reaction, hence 
careful selection of the reinforcement is needed after the considering the metal 
matrix, processing temperature and time used.  In general, finer particles are 
more difficult to process as they increase the melt viscosity [4].  
The processes available in liquid metallurgy are much cheaper than 
those of PM-based MMCs. The commonly used processes are: a) squeeze 
casting, b) compo casting or melt stirring and c) gas pressure infiltration [5]. 
The squeeze casting process (Figure 2.1a) is the most widely used 
process for manufacturing Mg-MMCs. In this process, pressure is applied to 
infiltrate the preform after filling the die slowly. After infiltration, the MMC 
solidifies under pressure that leads to a fine microstructure and a fully dense 
material without gas entrapment. In direct squeeze casting, the pressure is 
directly applied to the melt. The slow filling speed in comparison to pressure 
die casting, allows the use of preforms due to a non-turbulent flow of melt and 
avoids gas entrapment in the die and the infiltrated material. This leads to 
materials with a fine microstructure that is also suitable for heat treatment. 
Another advantage is the short manufacturing time which permits the use of 
reinforcement materials which normally show higher reactivity with Mg melts. 
Besides, the infiltration by pressure also permits the use of non reactive 
reinforcements like carbon fibers with Mg and Mg alloys [5-7]. 
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 In compo casting/ melt stirring process, the reinforcement is directly 
incorporated into a light metal melt (Figure 2.1b). The reinforcement particles 
tend to agglomerate when introduced in the melt but this can be overcome by 
using appropriate mixing parameters. During mixing of reinforcement and 
melt, the absorption of gas has to be avoided to prevent porosity in the final 
casting and inhomogeneous distribution of the reinforcement in the melt 
matrix. Besides, the combination of reinforcement particles and the matrix 
alloy must be chosen carefully due to the tendency for a reaction to take place 
between them. In the worst scenario, the particles will completely dissolve 
during melting, stirring and casting. The use of fibrous reinforcements is also 
known to have difficulties during stirring and subsequent processing steps. 
After stirring, the material can be cast directly to a near net shape or can be 
used as semifinished material for forging, hot extrusion, squeeze casting or 
thixoforming [5, 8, 9]. 
In gas pressure infiltration, preforms are used to manufacture the 
MMC (Figure 2.1c). This process also allows the production of partially 
reinforced material. Unlike the squeeze casting process, the gas pressure 
infiltration process does not use the hydraulic press to infiltrate the preform 
with melt. In this process, the preheated preform is put into the melt then a 
pressure is applied by a gas on the melt surface. The preform is infiltrated due 
to the differential pressure. The time for infiltration in gas pressure infiltration 
is approximately ten times longer than that for the squeeze casting process 
hence there is a longer reaction between the melt and the reinforcement. For 
this reason, gas pressure infiltration is more suitable for manufacturing in situ 
Mg-MMCs [5, 10]. 
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(a)       (b) 
 
(c) 
Figure 2.1. Commonly used liquid metallurgy processes including (a) direct squeeze 
casting, (b) compo-casting/ melt stirring and (c) gas pressure infiltration. 
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2.3.2 Powder Metallurgy 
 In powder metallurgy (PM), the metal matrix powder is blended with 
the reinforcement particles to achieve a homogeneous mixture. The sizes of 
the metal and reinforcement powders need to be chosen carefully to avoid the 
formation of agglomerates after blending. Due to the difficulty in wetting 
ceramic particles with molten metal, the powder metallurgy route is preferred.  
 Firstly, the raw powders of the matrix metal and reinforcement are 
mixed using devices such as mills, grinders and asymmetric mixers. The 
mixing usually occurs in dry conditions with/without process control agents or 
controlled atmosphere. Next, the powders are consolidated using techniques 
such as hot/cold isostatic pressing, sintering, extrusion, rolling or forging [4, 
11]. 
The PM route has several advantages: 1) Any alloy can be used as the 
matrix. 2) Any type of reinforcement can be used due to the minimal reaction 
between the reinforcement and the matrix using solid state processing. 3) High 
volume fractions of reinforcement are possible, minimising CTE of the 
composites and maximising strength of the composites [4]. 
Although PM process can offer near net shape and high precision 
samples, its main disadvantage of complex processing steps associated with high 
processing cost hinders the application of this method in manufacturing of various 
materials and components commercially. A large variety of Mg-MMCs are 
fabricated using PM processes [12]. 
In view of the available Mg-MMCs production methods, PM was chosen 
for this present study due to ease of selection of reinforcement materials and 
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2.4  Selection of Reinforcements 
The selection of reinforcement depends on the type of the matrix, the 
type of processing and the end application of the materials. The general 
requirements of reinforcements are listed below [13]: 
1. Low density of the reinforcement for weight critical applications.  
2. Mechanical compatibility which allows difference in coefficient of thermal 
expansion between the reinforcement and the matrix.  
3. Chemical compatibility which leads to optimal adhesion between the 
reinforcement and the matrix.  
4. Thermal stability. 
5. High Young’s modulus, compression and tensile strength. 
6. Good processability. 
7. Economic efficiency. 
The availability of a wide variety of reinforcing materials and the 
development of new processing techniques are attracting the interest in 
composite materials.  Continuous fibres were used as reinforcements in earlier 
work on composites. While research in this area continues, it is increasingly 
recognised that the high cost of the continuous fibres, the anisotropic 
properties of the manufactured material and the complex fabrication methods, 
would severely limit their use in many applications. This has led to the 
alternative development of discontinuously reinforced composites. These 
include reinforcements in the form of short fibers, platelets and particulates. 
These reinforcements are cost effective and hence beneficial for applications 
where large volumes are required (e.g. automotive applications). The relatively  
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high isotropy of the properties in comparison to the long-fibre continuous 
reinforced light metals and the possibility of processing of composites by 
forming and cutting production engineering are further advantages.  
 
2.5 Background on Carbon Nanotube, Graphene and 
Graphene Oxide 
Two discontinuous reinforcements which fit the selection requirements 
of low density, high strength and high thermal stability are carbon nanotubes 
(CNTs) and graphene (Figure 2.2). It is reported that the exceptionally high 
moduli of the nanofillers (~1 TPa), together with nanoscale effects and 
interface chemistry, enables a low loading of the reinforcing phase to 
remarkably improve the behaviour of polymer matrices [14-15]. 
Consequently, there are two important questions. Which type of filler can 
most effectively transfer its mechanical strength to the metal matrices in 
composite processing and will there be significant enhancement in mechanical 
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Figure 2.2. Graphene is a 2D building material for carbon materials. It can be 
wrapped up into 0D buckyballs, rolled into 1D nanotubes or stacked into 
3D graphite. Reproduced with permission from [16], copyright 2007 
Nature Publishing Group. 
 
The bonding in graphene is sp
2
, with each atom joined to three 
neighbours in a trigonal planar arrangement to form sheets of hexagonal rings. 
Individual sheets are bonded to one another by weak van der Waals forces. 
Carbon nanotubes are formed by rolling graphene sheets of hexagonal carbon 
rings into hollow cylinders. Single-walled carbon nanotubes (SWNT) are 
composed of a single graphene cylinder with a diameter in the range of 0.4 - 3 
nm and capped at both ends by a hemisphere of fullerene. Multi-walled carbon 
nanotubes (MWNT) comprise 2 to 50 coaxial cylinders with an interlayer 
spacing of 0.34 nm. The diameter of MWNTs generally ranges from 4 to 30 
nm. The length of nanotubes is in the range of several hundred micrometers to 
millimeters. These characteristics make the nanotubes exhibit very large 
aspect ratios [17]. 
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The mechanical properties of CNTs are closely related to the nature of 
the bonds between the carbon atoms. The in-plane bond is referred to as a -
bond (sigma–bond) which is a strong covalent bond that binds the atoms in the 
plane, and results in the high stiffness and high strength of the CNT. The 
remaining -orbital is perpendicular to the plane of the -bonds and 
contributes mainly to the interlayer interaction known as the -bond (pi–bond) 
(Figure 2.3). This interlayer interaction of atom pairs on the neighbouring 
layers is much weaker than a -bond [18]. It was found in a shell-sliding 
experiment [19] that the shear strength between the outermost shell and the 
neighbouring inner shell was 0.08 - 0.3 MPa according to separate 




Figure 2.3.  The bond structure of a graphene sheet showing the out-of–plane -bonds 
(dotted line) and the in-plane -bonds connected the carbon nuclei [18]. 
 
Direct tensile loading tests of SWCNT [20] and MWCNT [21] have 
been performed by Yu et al. The Young’s modulus obtained ranges from 320 
to 1470 GPa (~1.002 TPa) for SWCNT and from 270 to 950 GPa for 
MWCNT. In another study by Belytschko et al. [22] using nano-scale 
atomistic simulations, the failure strains of CNTs were estimated to be ~15.8 - 
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results, it was found that MWNT are more thermally stable than SWNTs in 
oxidative conditions. SWNT started to degrade at 587 °C while MWNT 
remains stable up to 652 °C. This is attributed to the larger diameters, less 
strained structures and protected inner carbon shells of MWNTs [23].  
The Young’s modulus of single-layer graphene is theoretically 
predicted to be ~1.02 TPa [24]. Compared to carbon nanotubes, a single-
layered graphene sheet is strong along all its in-plane directions and enjoys a 
larger surface-to-volume ratio [25], lower raw material cost as well as easier 
industrialization [26]. In particular, scalable approaches to graphene based 
nanofillers in the form of graphite nanoplatelets (GNPs) could be easily 
derived from exfoliation of graphite intercalation compounds (GICs) by 
chemical or plasma processes. Bulk graphite has an in-plane modulus of 1.02 
TPa and intrinsic strength of 130 GPa [27]. A variety of uses have been 
envisioned or demonstrated for GNPs and graphene-based materials, and their 
use as a composite filler has attracted considerable interest [28].  
Graphene oxide (GO) is the oxidation product of graphite. It is widely 
used to synthesize graphene and is considered as graphene functionalized by 
oxygen-containing groups [29].  Hummers et al. [30] first reported the 
formation of GO by the reaction of graphite with strong oxidizing agents, such 
as KMnO4 and concentrated sulphuric acid, followed by purification and 
exfoliation in water, resulting in a yellow colloidal dispersion. Similar to  
graphene, GO comprises of single-layer carbon sheets. However, the chemical 
and physical properties of GO are distinctly different from those of graphene. 
Unlike graphene, GO possesses a large number of oxygen-containing 
functional groups, which allows GO to be dispersed in solution. While 
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graphene consists of ordered sp
2
-bonded carbon, the structure of GO consists 
of a majority of disordered sp
3




Suk et al. [31] found that the Young’s modulus of graphene oxide is 
related to the number of layers: the measured Young’s modulus of single-
layer, two-layer and three-layer GO membranes were 207.6  23.4 GPa, 444.8 
 25.3 and 665.5  34.6 GPa, respectively. The intrinsic strength is also 
estimated to be in the range of 38.6 GPa for a 50% and 46.3 GPa for a 10% 
coverage of the functional groups [32]. These experimental results 
demonstrate that GO monolayers inherit the excellent mechanical properties of 
the pristine graphene with slight degradation due to local disruption of the sp
2
 
carbon network by surface functional groups. 
Hence, three types of carbon-based reinforcements were selected for 
investigation in this study. They include: i) MWNT, ii) GNP and iii) GO. 
Despite having a slightly lower modulus compared to SWNTs, MWNTs were 
chosen due to their higher thermal stability which is a crucial factor in the 
processing of MMCs at high temperatures (~640C).  SWNTs are not suitable 
for reinforcement in such cases as they may be fully destroyed upon reaction 
with the metal matrix [33].  
 
2.6  Background on Carbon Reinforced Metal Composites 
Table 2.1 presents a comprehensive summary of the studies reporting 
the mechanical properties of carbon-based (CNT, GNP, GO) metal 
composites. The processing techniques for the reinforcement dispersion, 
consolidation and the mechanical properties such as yield strength (0.2% YS), 
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the ultimate tensile strength (UTS) and the strain to failure (FS) are included 
in Table 2.1.  
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In the work done by Goh et. al [34, 35],  the Mg/CNT nanocomposites 
synthesized using both powder and liquid metallurgy routes revealed some 
improvements in tensile properties (yield strength, ductility and work of 
fracture) when compared to that of the monolithic Mg. However, it was noted 
that the addition of higher amount of CNTs inevitably led to porosity. 
Homogeneous dispersion of CNTs in Mg, especially at high weight 
percentage, is an issue due to the high aspect ratios. This often led to the 
entanglement between the CNTs which resulted in the formation of clusters. In 
view of the lack of understanding of the formation of CNT clusters in 
Mg/CNT composites, the present study will focus on TEM analysis of the Mg-
CNT interface material composition and characteristics. 
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In the work done by Kondoh et. al [36], the CNTs were first coated on 
the Mg powder surface via a wet dispersion method utilizing a surfactant 
solution. Improvements in YS (42 %) and UTS (15 %) for Mg composites and 
YS (27 %) and UTS (3 %) for AZ31B composites were reported. However, 
the composites exhibited very poor ductility < 2 - 4 % due to the formation of 
MgO layers at the interface between the Mg and CNT. In addition, the use of a 
surfactant solution could also introduce unwanted impurities to the composite 
material.  
The reported earlier studies in literature [34-36] showed that other 
methods need to be developed for a uniform dispersion of the CNTs. In the 
present study, it is hypothesized that a functional metal coating (nanometer 
thickness) on CNT could be used to facilitate the interfacial bonding between 
the CNT and the Mg matrix, thus enhancing the CNT dispersion. Nickel-
coated CNT will be used to form a functional intermetallic interface with the 
Mg matrix. 
In recent years, much effort has been directed towards the 
experimental synthesis and characterization of graphene reinforced 
nanocomposites [15]. In 2006, Stankovich et al. [40] first successfully 
dispersed graphene sheets in a polymer matrix. Kalaitzidou et al. [41] 
dispersed exfoliated graphite nanoplatelets into PP and observed that a low 
volume loading (no more than 5 %) can significantly enhance the elastic 
modulus, flexural and impact strength of the resultant composite. Ramanathan 
et al. [42] also revealed that a weight fraction of functionalized graphene 
sheets as low as 0.01wt.% in the PMMA matrix, could dramatically increase 
the elastic modulus of the composite by 33 %.  
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However, there are limited reports on the development of graphene 
reinforced metal composites. In the work done by Bartolucci et al. [37], 
Al/graphene composite showed a decreased in strength and hardness as 
compared to that of the monolithic aluminium (Al) and Al/CNT composites. 
This was attributed to the formation of aluminium carbide with the graphene 
fillers. In another study by Rashad et al. [38], it was reported that the 
synthesized Mg/0.3wt.%GNP composites using semi-powder metallurgy 
exhibited an improvement of mechanical properties (in terms of 5 % increase 
in YS and 8 % increase in UTS). On the other hand, a 10 % decrease in failure 
strain was observed. The marginal improvements in the mechanical properties 
were attributed to the existence of pores and cavities in the composites which 
were formed during the semi-powder metallurgy process.  
In view of the lack of understanding of the graphene interaction with 
the metal matrices, it is essential to carry out further experimental 
investigation to better understand the dispersion of the graphene 
reinforcements in the Mg matrices. As Mg does not react with carbon (positive 
Gibbs energy), unlike Al, the formation of brittle carbides will be avoided. 
Moreover, the 2D geometry of graphene has a better interaction with the metal 
matrices as compared to CNT due to its higher specific surface area and 2D 
reinforcing effect [15]. Hence in the present study, the geometry of the 
reinforcement will be investigated. 1D (CNT) and 2D (GNP) carbon 
reinforcements will be added to the Mg matrix. The properties of Mg/CNT 
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Currently, there were limited studies on the use of GO as 
reinforcements in the metal matrices. Wang et al. [39] introduced the GO 
reinforcements to the Al matrix instead of the addition of graphene 
nanoplatelet (GNP) reinforcements. This is due to the presence of epoxy and 
hydroxyl groups on the GO’s surface, which facilitated the dispersion of the 
GO in solvents and the adsorption on polyvinylalcohol (PVA) coated Al 
flakes. Al/GNP composites were formed after the reduction of GO at a high 
temperature. With the addition of 0.3wt.% GO, a 62 % increase in tensile 
strength was obtained. On the contrary, the composite’s ductility value was 
significantly compromised (53 % decrease). 
In the current study, it is hypothesized that a formation of a functional 
interface material between the graphene reinforcement and the Mg matrix 
could improve their bonding, thus resulting in enhanced dispersion and high 
strengthening effect of the Mg material. This could be achieved with the 
intentional addition of GO and Ni nanoparticles to form MgO and Mg2Ni at 
the interface between the graphene and the Mg. Mg/GO and Mg/Ni+GNP 
composites will be synthesized. 
 
2.7  Strengthening Mechanisms in Carbon-Based Reinforced 
Composites 
It is imperative to identify the factors affecting the strength of the 
composites so as to tailor the design of the composites. The mechanical 
properties of the composite materials are strongly influenced by:  (i) the 
dispersion of reinforcement in the matrix, (ii) the reinforcement-matrix 
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interface and (iii) the geometry of reinforcement. Each of these factors and 
their impact is discussed in detail below. 
 
2.7.1  Dispersion of Reinforcement 
The most significant challenge in this area of research is to achieve a 
homogeneous CNT dispersion in the metal matrices. As discussed earlier in 
Section 2.6, at a higher CNT concentration, the probability of CNT cluster 
formation is higher thus posing a greater challenge for the uniform dispersion 
of CNTs. This in turn leads to a reduction in the composite’s overall strength. 
From Figure 2.4, it can be concluded that the CNT dispersion is directly 
dependent on the powder processing and consolidation methods. Most of the 
studies adopted the ball milling approach for better CNT dispersion and 
attachment of CNTs to Al powders. Different milling conditions also led to the 
differences in the degree of CNT dispersion and the bonding of the CNT to the 
metal powder.  Therefore, with the development of improved dispersion 
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Figure 2.4.  Variation of the ratio of the strength (UTS or fracture strength, yield 
strength) of Al/CNT composite and Al sample prepared by identical 
processing route with the CNT content. Reproduced with permission 
from [43], copyright 2011 Elsevier. 
 
 
2.7.2  Reinforcement-Matrix Interface 
The interface between the matrix and reinforcement plays a critical 
role in determining the overall properties of the metal-matrix composites. 
Stiffening and strengthening rely on the load transfer across the interface. 
Toughness is influenced by the crack deflection at the interface and ductility is 
affected by the relaxation of peak stresses near the interface [44]. Hence, by 
improving the interfacial adhesion between the carbon-based reinforcements 
(CNT, GNP, GO) and the Mg matrix material, the full potential of the 
reinforcements in forming mechanically reinforced metal matrix composites 
could be realized.   
The formation of a strong interface is essential so that the load can be 
transferred to utilize the load bearing capability of the carbon reinforcements 
(CNT, GNP, GO). Wetting between the carbon reinforcement and molten 
metal affects the interface microstructure and determines the strength of the 
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reinforcement/matrix interface. If the carbon reinforcement does not react with 
the matrix material, the bonding comprises mainly of weak attractive Van der 
Waals forces. Wetting affects the dispersion behavior of reinforcement in the 
matrix. In a non-wetting case, the reinforcements are brought together and can 
form clusters. The extent and nature of reinforcement-matrix chemical 
reactions is dependent on the chemistry of the matrix [45] and can be 
controlled by judiciously selecting suitable coatings on reinforcements [46]. 
While extensive research has been directed towards the development 
of surface treatment techniques for carbon fibers to improve the fiber-matrix 
interface bonding [47, 48], the use of metallic coatings on nanoscale 
reinforcements such as CNT or graphene to enhance dispersion in Mg matrix 
has not been studied in detail. One suitable coating material is nickel. In a 
study conducted by Hassan et al. [49], it has been demonstrated that by the 
addition of 14wt.% of Ni particulates to Mg, the tensile strength and the 0.2% 
yield strength increased significantly by 80 % and by 320 %, respectively. 
This is attributed to the strong interfacial bonding of the Mg matrix and Ni 
particulates through the formation of intermetallic Mg2Ni.  
The wetting properties of Ni on carbon nanotubes/ graphene are 
determined by the combined action of the metal surface energies and the 
metal-carbon interfacial energies. Low surface energy results in pile up of 
metal atoms and the formation of isolated clusters. However, metal can be 
firmly absorbed and spread over the carbon surface with low interfacial 
energy.  Theoretical studies based on wetting and nucleation theories by He et. 
al [50], revealed that low Ni-CNT/ Ni-graphene interfacial energies (1.51 J/m
2 
 
in Ni (111)), high binding energy (2.49 eV) and high diffusion barriers allow 
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the formation of continuous or quasicontinuous Ni layers on the CNT/ 
graphene surfaces  (Figure 2.5a) [50]. Ni is also shown to have more favorable 
wetting of the CNT/ graphene surfaces than Al, Fe and Au. This was proven 
experimentally, whereby uniform Ni coatings were formed on the CNT’s 
surfaces, thus demonstrating certain covalent bonding characteristics (Figure 
2.6) [51].
 
In another study, Menon et al. [52] attributed the strong Ni-CNT 
interaction to the curvature-induced rehybridization of carbon sp
2
 orbitals with 
the Ni d-orbital. In the interaction of Ni on the nanotube wall, the Ni atom 
forms three Ni-C bonds at the atop site (Figure 2.5b) while the Ni atom 
relaxed at the bridge site (Figure 2.5c) forms bonds of length 1.76 Å each with 
















Figure 2.5. (a) Optimized structures of Ni-graphene contacts with minimum 
interfacial energies and the two stable binding sites for a single Ni on 
carbon nanotube wall (b) atop site and (c) bridge site. Reproduced with 
permission from [50] copyright 2010 AIP Publishing LLC, [52] 
copyright 2000 Elsevier. 
 
 
Figure 2.6.  TEM image of Ni coating on carbon nanotubes with a thickness of 5nm. 
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These previous studies showed that (i) Ni forms strong coherent bonds 
with CNT/ graphene, (ii) Ni addition to Mg enhances the composite’s overall 
mechanical properties and (iii) the load transfer improves via the Ni additions 
in a metal matrix. In view of this, it is hypothesized that a tailored functional 
Ni coating on CNT with nanometer thickness or the addition of an optimal 
amount of Ni to graphene, could result in a strengthened reinforcement-matrix 
interface. However, effort needs to be made to prevent the formation of 
excessive brittle intermetallics which might degrade the composite’s failure 
strain. 
Another suitable interface material to improve the adhesion between 
Mg and carbon reinforcements is MgO. In the studies by Kondoh et. al [36], it 
was found that MgO layers exist as thin films (2 - 4 nm) at the interface 
between CNT and Mg matrix in Mg/CNT composites. These MgO films 
originated from the surface oxide films of the as-received raw Mg powders. 
Metallurgical bond between the CNT and Mg matrix was improved due to the 
diffusion of carbon in MgO (diffusion coefficient of carbon in MgO ~ 2 x 10
-9 







From first-principles density-functional theory (DFT) calculations of 
various graphene structures on the polar MgO (111) by Min et. al. [53], it was 
also found that graphene forms strong chemical bonds and interacts strongly 
with the O-terminated polar oxide surface (Figure 2.7). Interestingly, in 
another investigation by Tachikawa et. al [54], DFT calculation of Mg 
interaction with graphene surface shows that Mg atom vibrates in the 
hexagonal site without diffusion even at high temperatures of 1000 k. These 
shows that the presence of MgO forms strong interface adhesion while 
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absence of oxide layer results in poor interface adhesion to the carbon (CNT 
and GNP) surfaces.  
 
(a)       (b) 
Figure 2.7.  Bilayer graphene on O-terminated MgO (111). (a) and (b) are its top- and 
side-views of this system, respectively. Reproduced with permission 
from [53], copyright 2013 Elsevier. 
 
In view of this, it is hypothesized that oxygen functional groups on 
graphene in the form of graphene oxide, could be added to reinforced Mg. A 
strengthened reinforcement-matrix interface could be realized through the 
formation of MgO at the interface. However, effort needs to be made to 
prevent the formation of excessive brittle oxides which might degrade the 
composite’s failure strain. 
 
2.7.3 Geometry of Reinforcement  
  Another morphological characteristic that is of fundamental 
importance in understanding the structure-property relation in nanocomposites 
is the specific surface area (SSA). A 2D reinforcement such as a graphene 
sheet has a SSA of 2630 m
2
/g from theoretical calculations. Since a SWNT is 
that of one side of a graphene sheet, it has a SSA of 1315 m
2
/g while a MWNT 
with 5 shells has a SSA of 295-430 m
2
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carbon-based reinforcements are much larger as compared to other 
conventional reinforcements. Hence, the properties of the composites will be 
dominated by the properties of the interface.  
In summary, Mg metal matrix and carbon-based reinforcements 
(MWNT, GNP, GO) will be used in this present study. Nickel will be added to 
the CNT and GNP to enhance the interfacial bonding between the carbon 
reinforcements and the Mg matrix. The factors (in terms of the dispersion of 
reinforcement in the Mg matrix, the reinforcement-matrix interface and 
geometry of the reinforcement) influencing the strength of the composites will 
be studied in detail. 
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CHAPTER 3 
MATERIALS AND EXPERIMENTAL PROCEDURES 
 
3.1    Materials 
In this study, the matrix material and five different types of carbon 
based reinforcements used are summarized in Table 3.1.   
 
Table 3.1.  Matrix and reinforcement materials. 
Materials Supplier Dimensions 
Magnesium (98.5 %) Merck, Germany 60 - 300 m 
Multi-walled carbon 
nanotubes (CNT) 
Tsinghua University, China 10 - 20 nm diameter 
10 - 30m length 
Ni-coated multi-walled 
carbon nanotubes (Ni-CNT) 
Chengdu Organic Chemicals 
Co. Ltd, China 
10 - 20 nm diameter 
10 - 30m length 
Graphene Nanoplatelets 
(GNP) 
Cheap Tubes Inc., USA 3 - 10nm thick 
1 - 2 m diameter 
Graphene Oxide (GO) 
 
Cheap Tubes Inc., USA 3 - 10nm thick 
1 - 2 m diameter 




Nanostructured & Amorphous 
Materials Inc., USA 
Cheap Tubes Inc, USA 
20 nm diameter 
 
3 - 10 nm thick 
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3.1.1    Matrix material 
Magnesium powder of 98.5 % purity with a size range of 60-300 µm 
(supplied by Merck, Germany) (Figure 3.1) was used as the matrix material.  
 
Figure 3.1.  SEM micrograph showing Mg  powder used in this study. 
 
3.1.2    Reinforcement materials – Carbon Nanotubes 
Pristine multi-walled carbon nanotubes produced by chemical vapor 
deposition (supplied by Tsinghua University, China) [1] and nickel coated 
multi-walled carbon nanotubes (Ni-CNTs) (supplied by Chengdu Organic 
Chemicals Co. Ltd, China) were used as 1D reinforcements in the 
nanocomposites. Both types of CNT have typical diameters of 10 - 20 nm and 
lengths of 10 - 30 m. 
 
3.1.3    Reinforcement materials – Graphene and Nickel Nanoparticles 
Graphene nanoplatelets (GNP) produced using a plasma exfoliated 
process and graphene oxide (GO) produced using the modified hummers 
method (supplied by Cheap Tubes Inc., USA) were used as 2D reinforcements 
in the nanocomposites.  The few-layered graphene has an average thickness of 
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3 - 10 nm and 1 - 2 m in size. In order to study the effect of addition of nickel 
to enhance the Mg-GNP interface, nickel nanoparticles with 20 nm diameter 
(supplied by Nanostructured & Amorphous Materials Inc., USA) were mixed 
with GNP to form Ni+GNP reinforcements. 
 
3.2    Primary Processing 
Powder metallurgy technique was used to synthesize monolithic 
magnesium and its nanocomposites. Pure magnesium (Mg) powder was 
blended with the appropriate amount of reinforcements in a RETSCH PM-400 
mechanical alloying machine at 200 rpm for 1 h without the use of any milling 
media or process control agents. The homogenized powder mixtures of Mg 
and reinforcement were then cold compacted at a pressure of 713 MPa to form 
billets of 40 mm in height and 35 mm in diameter using a 100 ton hydraulic 
press. Monolithic magnesium was compacted using the same parameters 
without blending.  
The compacted billets were sprayed with colloidal graphite and 
sintered using an innovative hybrid microwave sintering technique [2]. The 
billets were heated to 640 C in a 900 W, 2.45 GHz SHARP multimode 
microwave oven (Figure 3.2). The microwave setup (520 mm width x 309 mm 
height x 502 mm depth) consisted of silicon carbide microwave susceptor 
sandwiched between an inner zirconia crucible and an outer alumina crucible. 
Microwave transparent Fiberfrax boards were used as insulation.  
A K-type thermocouple was used for calibration of the sintering 
temperature up to 640 °C.  The sintering duration was noted when the 
temperature reached near the melting point of the material (~640 °C). This 
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corresponded to an average heating rate of 38 ˚C/min. The samples were not 
soaked prior to sintering and no holding time was introduced after reaching the 
desired temperature. The sintered sample was kept in the microwave set-up 
until it cooled down to near room temperature before removal. 
Microwave sintering used in this study, results in a significant 
reduction (up to ~90 %) in the processing time and in energy savings (up to 
~97 %) as compared to that of conventional sintering. This microwave heating 
approach is economically viable for industries and environmentally friendly in 
the reduction of CO2 emission. It has been successfully utilized in earlier 
studies to synthesize dense Mg nanocomposites with improved mechanical 








Figure 3.2. Schematic diagram of the two-directional microwave sintering setup used 
in this study. 
 
3.3    Secondary Processing 
The sintered billets were soaked at 400 C for 1 h and subsequently hot 
extruded at 350 C using a 150 ton hydraulic press and colloidal graphite as 
lubricant. Extrusion ratios of 19:1 and 25:1 yield rods of diameter 8mm and 
00:0
0 
Outer ceramic crucible 
Inner ceramic crucible 
SiC powder susceptor 
Compacted sample 







Development of Magnesium Nanocomposites 
Reinforced with Carbon-based Material 
 
 
Materials and Experimental Procedures 
7mm respectively.  The extruded rods were further machined for characterization 
studies. 
 
3.4    Characterization Studies 
3.4.1    Density and Porosity Measurements 
Density measurements were performed using the Archimedes’ 
principle on polished samples which were randomly selected from the 
extruded Mg and Mg nanocomposites rods. Distilled water was used as the 
immersion fluid and the samples were weighed using a Precisa 40SM-200A 
electronic balance with an accuracy of ±0.0001 g. A gas pycnometer 
(Micromeritics AccuPyc II 1340) was also used for density measurements.  An 
average density was computed from 5 cycles.  Pure helium gas was filled and 
purged with a pressure of 19.5 Psig for all five cycles. Porosity levels were 
obtained by area fraction analysis using image analyzer (SCION). 
 
3.4.2 Thermomechanical Analysis 
The coefficient of thermal expansion (CTE) of the extruded Mg and 
nanocomposite samples were determined by measuring the displacement as a 
function of temperature in the range of 40 - 400 C using a thermo-mechanical 
analyzer (Linseis TMA PT1000). Heating rate of 5 °C/min was maintained. 
An alumina probe was used under argon atmosphere. 
 
3.4.3    X-Ray Diffraction Analysis 
X-ray diffraction (XRD) analysis was carried out on the Mg and 
nanocomposites samples using an automated diffractometer (SHIMADZU 
 38 
 
Development of Magnesium Nanocomposites 
Reinforced with Carbon-based Material 
 
 
Materials and Experimental Procedures 
XRD-6000). The samples were exposed to Cu K radiation ( = 1.54056 Å) at 
a scanning speed of 2 deg min
-1
. The interplanar spacings (d) obtained were 
subsequently matched with the standard values for Mg, Ni, C, their oxides and 
intermetallic phases [4].  
 
3.4.4   Reinforcement Characterization 
The geometry, structure and surface groups of the various carbon 
reinforcements and Ni nanoparticles were studied using a few different 
techniques. X-Ray Photoelectron Spectroscopy (XPS) was used to study the 
surface chemistry states of GNP and GO. XPS was performed using an 
unmonochromated Al Kα X-ray source at 1486.6 eV (Thermo VG Scientific) 
with a Phobios 100 electron analyzer (SPECS GmbH) equipped with 5 
channeltrons. The pass energy of the analyzer was fixed at 50 eV for wide 
scan and 20 eV for narrow scan, and the takeoff angle was normal to the 
sample. The crystalline structure of the carbon reinforcements and the 
interface with Ni and Mg were studied in detail using Transmission Electron 
Microscope (JEOL, TEM 2010F) equipped with Energy Dispersive X-Ray 
Spectroscopy (EDS) and Selected Area Electron Diffaction (SAED).  Atomic 
Force Microscopy (Bruker, Dimension 3100 AFM) was also used to 
characterize the dimensions of the nano reinforcements. 
 
3.4.5    Microstructural Analysis 
Microstructural characterization studies were conducted on the 
monolithic magnesium and its composites with the aim of determining: (i) 
grain size, (ii) grain morphology, (iii) distribution of reinforcement and (iv) 
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presence of intermetallics.  Field Emission Scanning Electron Microscope 
(HITACHI FE-4300) equipped with Energy Dispersive X-Ray Spectroscopy 
(EDS), metallographic optical microscope (OLYMPUS) and Image Analyzer 
(SCION) were used for this purpose.  
 
3.4.6    Mechanical Tests 
3.4.6.1 Microhardness Measurements 
Micro-hardness measurements were made on the polished samples of 
the extruded monolithic and the composite rods using an automatic digital 
micro-hardness tester (Matsuzawa MXT 50). The tests were performed in 
accordance with the ASTM: E384-11e1 [5] using a Vickers indenter under a 
test load of 25 gf and a dwell time of 15 s. For each composition, 3 samples 
were tested with 10-15 indents per sample. 
 
3.4.6.2 Tensile Tests 
The tensile properties of the extruded monolithic magnesium and its 
composites were determined in accordance with the ASTM: E8/E8M-13a [6]. 
The tensile tests were conducted on round tension test specimens of 5 mm in 
diameter and 25 mm gauge length using an automated servo hydraulic testing 






nominal strain rate). An extensometer (Model: MTS 634. 12F-24) was used 
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3.4.6.3 Compression Tests 
The properties of the extruded monolithic magnesium and its 
composites were determined in accordance with the ASTM: E9-89a [7]. The 
compression tests were conducted on cylindrical test specimens of 7 mm in 
length (l/d aspect ratio = 1) using an automated servo hydraulic testing 
machine (MTS 810) with a crosshead speed set at 0.04 mm.min
-1





nominal strain rate). The compression load was applied parallel to the 
extrusion direction. For each composition, 5 samples were tested to obtain 
average values. 
 
3.4.6.4 Nanoindentation Tests 
The extruded monolithic magnesium and its composites were first 
polished to produce a smooth surface (roughness < 50nm) for nanoindentation 
test. The tests were performed at room temperature, using a diamond 
Berkovich indenter on a Nano Test nanoindentation testing platform 
(MicroMaterials Ltd.,Wrexham, UK). A maximum load of 40mN was selected 
for indentation tests in order to obtain the global mechanical response. Surface 
effects could be neglected because the data were acquired at penetration 
depths of 2 m. Both loading rate and unloading rate were fixed at 1.5 mN/s 
and the holding time at the maximum load was 1000 s for the measurement of 
the elastic modulus of the samples. A 60 s holding period after 90 % 
unloading was also introduced to allow for thermal drift correction. For all the 
samples, at least 10 indentations were made and the results were averaged. 
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3.4.7    Fractography 
Fracture surface studies were carried out on the fractured specimens of 
extruded monolithic magnesium and its composites to provide an insight into 
the various possible fracture mechanisms during the loading. Fractography 
was performed on the tensile and compressive fracture surfaces using Field 
Emission Scanning Electron Microscope (HITACHI FE-4300) equipped with 
Energy Dispersive X-Ray Spectroscopy (EDS). 
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CHAPTER 4 
DEVELOPMENT OF Mg/Ni-CNT COMPOSITES 
 
4.1    Introduction 
Carbon nanotubes (CNTs) are known for their extraordinary structural, 
mechanical and electrical performances. These excellent properties are derived 
from the unique quasi-one dimensional nature and the cylindrical symmetry of 
nanotubes [1]. The exceptional mechanical properties of CNTs make them a 
good candidate as reinforcement to strengthen metals. However the major 
challenges in the synthesis of CNT-reinforced metal matrix composites 
(MMCs) include: (i) difficulty in incorporating and distributing the CNTs 
uniformly in the metal matrix, and (ii) insufficient wetting between the CNT 
and the metal matrices. The interface between the matrix and reinforcement 
plays a critical role in determining the overall properties of metal-matrix 
composites. Stiffening and strengthening rely on the load transfer across the 
interface. Toughness is influenced by crack deflection at the interface and 
ductility is affected by relaxation of peak stresses near the interface [2]. In a 
study conducted by Chu et al. [3], it has been shown that it is possible to 
modify the microstructure and improve the bonding at the interface by matrix-
alloying chromium element into CNT/copper composites. Thus, by improving 
the interfacial adhesion between the CNT reinforcements and the Mg matrix 
material, the full potential of CNTs in forming mechanically reinforced metal 
matrix composites (MMCs) can be realized.  
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While extensive research has been directed towards the development 
of surface treatment techniques for carbon fibers to improve the fiber-matrix 
interface bonding [4, 5], the use of metallic coatings on nanoscale 
reinforcement such as CNTs have not been studied in detail. Theoretical 
studies based on wetting and nucleation theories have shown that low metal-
CNT interfacial energies and high diffusion barriers allow the formation of 
continuous or quasicontinuous nickel (Ni) layers on the CNT surface [6]. This 
has been proven experimentally, where uniform Ni coatings were formed on 
CNT surfaces with strong covalent bonding characteristics [7]. In another 
study, Menon et al. [8] attributed the strong Ni-CNT interaction to curvature-
induced rehybridization of carbon sp
2
 orbitals with the Ni d-orbital. Ni 
particulates (14 wt.%) addition to Mg has also been demonstrated by Hassan 
et al. [9] to significantly enhance the tensile strength by 80% and 0.2% yield 
strength by 320%, through the formation of strong interfacial bonding.  
These previous studies have shown that Ni forms strong covalent 
bonds with CNT and the addition of Ni to Mg enhances the composite 
material’s mechanical properties. In view of this, it is hypothesized that a 
tailored functional coating such as Ni with nanometer thickness could result in 
a strengthened interface while avoiding the formation of excessive brittle 
intermetallics which might degrade the composite’s failure strain.  
Accordingly, in this study, Mg composites were fabricated using pure 
magnesium as the matrix material with bare multi-walled CNT (0.3 wt.%) and 
Ni-coated multi-walled CNT (0.3 wt.%) as the reinforcement materials. The 
composites were synthesized using the powder metallurgy route incorporating 
microwave assisted rapid sintering technique, followed by hot extrusion 
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(extrusion ratio 25:1) to yield 7mm rods. The mechanical properties of Mg 
composites at different loading fractions (0.06 wt% to 0.3 wt.%) of Ni-CNT 
reinforcements were studied. The composites with the optimal Ni-CNT 
loading fraction was subsequently compared with pristine CNT 
reinforcements. The suitability of the Ni coating was verified through tests 
which assessed the composites’ mechanical properties and analyzed the 




In this study, magnesium powder of 98.5% purity with a size range of 
60-300 µm (supplied by Merck, Germany) was used as the matrix material. 
Pristine multi-walled carbon nanotubes produced by chemical vapor 
deposition (supplied by Tsinghua University, China) (Figure 4.1a) and nickel 
coated multi-walled carbon nanotubes (Ni-CNTs) (supplied by Chengdu 
Organic Chemicals Co., Ltd.) (Figure 4.1b) were used as the reinforcements in 
Mg. Both types of CNT have typical diameters of 10 - 20 nm and 10 - 30 m 
in length. Figures 4.1(c and d) show the typical elements present in the 
reinforcements from EDX measurements. CNT contains carbon (C) and 
oxygen (O) peaks while Ni-CNT contains additional nickel (Ni) and 
phosphorous (P) peaks from the electroless plating process used in the Ni 
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Figure 4.1.  TEM micrographs showing the (a) pristine multi-walled carbon 
nanotubes and (b) Ni-coated multi-walled carbon nanotubes used in this 
study. The arrows indicate the Ni coating on the CNT. EDX spectrum of 
the elements present on the surface of the (c) CNT and (d) Ni-CNT. 
 
4.2.2 Density and Porosity Measurements 
Table 4.1 shows the density and porosity results of Mg and Mg 
composites. The densities of the composites were comparable to that of pure 
magnesium. This showed that although the density of Ni (8.9 g/cm
3
) is much 
larger than that of Mg (1.74 g/cm
3
), the presence of a thin, nanoscale coating 
of Ni on the CNT surface did not affect the material’s overall density. The 
incorporation of Ni-CNTs and CNTs into the Mg matrix did not contribute to 
any significant change in the density value. This property is desirable for 
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were higher than that of pure Mg. A gradual increase in porosity was observed 
for increased loading fraction of Ni-CNT reinforcements. Mg/0.3wt.% CNT 
composites showed higher porosity (0.75 vol.%) compared to Mg/0.3wt.% Ni-
CNT composites (0.46 vol.%). In general, near-dense samples (>99 %) were 
achieved highlighting the suitability of the processing parameters used in this 
study. 
 
Table 4.1.  Results of density, porosity and CTE for Mg and Mg nanocomposites. 
Materials 










Mg 1.734 ± 0.001 0.10 29.20 
Mg/0.06wt.% Ni-CNT 1.739 ± 0.003 0.25 29.00 
Mg/0.18wt.% Ni-CNT 1.741 ± 0.003 0.33 28.87 
Mg/0.3wt.% Ni-CNT 1.743 ±  0.003 0.46 28.45 
Mg/0.3wt.% CNT 1.737 ±  0.001 0.75 27.70 




4.2.3 Coefficient of Thermal Expansion (CTE) 
 CTE measurements obtained from the extruded monolithic and 
reinforced magnesium composites samples are also listed in Table 4.1. CTE 
results showed an improvement in the dimensional stability of magnesium 
matrix with the increased Ni-CNT loadings in the temperature range of 40 to 
400 C. The decrease in CTE values in Ni-CNT composites can be attributed 
to (a) the lower CTE of nickel (13.9 x 10
-6
/C) [9] and CNTs (~1 x 10-6/C) 
[10] compared to Mg (29.2 x 10
-6
/C), (b) good interfacial integrity between 
reinforcements and the matrix and (c) the ability of the reinforcements to 
effectively constrain the expansion of the matrix. The CTE of CNT 
composites showed a larger improvement compared to Ni-CNT composites. 
This could be due to the lower CTE value of carbon compared to nickel. 
 47 
 
Development of Magnesium Nanocomposites 
Reinforced with Carbon-based Material 
 
 
Development of Mg/Ni-CNT composites 
4.2.4 Microstructural Analysis 
Measurements from the etched samples showed that the composites 
exhibited a relatively finer grain size with lower aspect ratio and roundness 
when compared to that of the monolithic Mg samples (Table 4.2, Figure 4.2). 
These can be attributed primarily to the coupled effects of: (i) the capability of 
CNT reinforcements to nucleate magnesium grains during recrystallization, 
(ii) the restricted growth of recrystallized magnesium grains as a result of 
grain boundary pinning by CNT reinforcements, and (iii) the uniform 
distribution of CNT reinforcements precluding the growth in certain specific 
directions. The fundamental principles behind the ability of inclusion in the 
metallic matrix to nucleate recrystallized grains and to inhibit grain growth 
have been established elsewhere [11, 12]. In comparison with the 
microstructure of composites fabricated with pure CNT additions (Figure 
4.2e), a significant decrease in grain size (more than 62 %) was observed with 
Ni-CNT additions (Figure 4.2d). This confirmed that the presence of Ni and/or 
intermetallics are efficient grain refiners for Mg nanocomposites.  
 
Table 4.2.  Results of grain morphology analysis for Mg and Mg nanocomposites. 
Materials 







Mg 17.9 ± 8.2 1.63 ± 0.43 1.62 ± 0.61 
Mg/0.06wt.% Ni-CNT 16.3 ± 4.6 1.55 ± 0.33 1.48 ± 0.26 
Mg/0.18wt.% Ni-CNT 15.6 ± 4.5 1.46 ± 0.30 1.41 ± 0.19 
Mg/0.3wt.% Ni-CNT 6.1 ± 1.4 1.48 ± 0.27 1.27 ± 0.13 
Mg/0.3wt.% CNT 15.6 ± 6.4 1.52 ± 0.36 1.46 ± 0.26 
a  Aspect ratio is measured by dividing the maximum dimension by the minimum dimension of the 
grain. 
b  Roundness is the shape of the grain expressed by the formula (perimeter)2/4(area); the lower the 
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Figure 4.2.  Representative optical images of (a) Mg, (b) Mg/0.06wt% Ni-CNT, (c) 
Mg/0.18wt% Ni-CNT, (d) Mg/0.3wt% Ni-CNT and (e) Mg/0.3wt% CNT 
composites, showing the difference in grain size after etching. 
 
 
Figure 4.3 shows a representative microstructure of the Mg/CNT and 
Mg/Ni-CNT composites. Presence of CNT clusters were observed, leading to 
higher porosity in Mg/CNT composites. However, Mg/Ni-CNT composites 
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(a)                                             (b) 
 
Figure 4.3. Representative SEM micrographs of (a) Mg/0.3wt% CNT and (b) 
Mg/0.3wt% Ni-CNT composites, showing the difference in porosity 
level. 
 
4.2.5 Interface Analysis 
In Figures 4.4(a and b), a well-defined reaction zone with an average 
thickness of 1.69 ± 0.5 nm was observed between the CNT and Mg matrix. 
This gives indication of the evolution of a continuous intermetallic phase 
resulting from the reaction of the Ni coating with the surrounding Mg matrix. 
In Figures 4.4(c and d), SAED measurements showed the presence of Mg2Ni 
and MgO.  
In the case of Mg/CNT composite (Figure 4.5), a discontinuous layer 
was observed on the surface of an isolated CNT detached from the Mg/CNT 
composites. EDX spectrum of the elements present on the CNT surface 
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Figure 4.4.  (a, b) TEM micrographs of Mg/Ni-CNT composites showing the 
presence of intermetallics formed at the interface of Ni-CNTs. (c, d) 












No. d-spacing (Å) Material 
1 4.77 CNT 
2 2.78 Mg 
3 2.26 Mg2Ni 
4 1.61 Mg 
5 1.34 Mg 
6 1.15 MgO 
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Figure 4.5.  Representative TEM micrograph of an isolated CNT detached from the 
Mg/CNT composites with the inset showing the EDX spectrum of the 
elements present on the surface of the CNT. 
 
 
XRD analysis (Figure 4.6) also showed the presence of Mg2Ni 
diffraction peaks in the Mg/Ni-CNT sample and MgO peaks in Mg/CNT 
sample. The diffraction peaks at 2 = 26 and 43 can be assigned to (002) and 
(100) planes of graphite phase respectively. It is known that the peaks of CNT 
(43) and MgO (42.916) are very close. Hence, the broad peak near 43 









Development of Magnesium Nanocomposites 
Reinforced with Carbon-based Material 
 
 
Development of Mg/Ni-CNT composites 
 
 
Figure 4.6.  Representative XRD diffractograms of monolithic Mg, Mg/CNT and 
Mg/Ni-CNT materials. 
 
4.2.6 Mechanical Behaviour 
The results of microhardness and room temperature tensile 
measurements conducted on extruded samples are listed in Table 4.3. The 
results show a noticeable increase in hardness values of Mg/Ni-CNT 
composites with increased Ni-CNT loading. However, a drop in hardness (~7 
%) is observed for the Mg/CNT composites. A significant improvement of 
0.2% yield strength (~64 %) and ultimate tensile strength (~39 %) were 
observed with up to 0.3wt.% Ni-CNT addition. While a slight decrease (~5 %) 
in mechanical strength was observed with the pristine CNT addition (Figure 
4.7) when compared to monolithic Mg sample. The ultimate tensile strength 
(UTS) of the Mg/CNT composites remained similar to that of the monolithic 
Mg samples and a larger decrease in failure strain was also observed compared 
to Mg/Ni-CNT composites. Furthermore, a maximum of ~73 % increase in 
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energy absorbed up to tensile fracture was observed with Mg/0.06wt.% Ni-
CNT composites when compared to monolithic Mg sample. 
 
















Mg 39 ± 3 126 ± 1 171 ± 2 7.9 ± 0.3 13.3 ± 0.3 
Mg/0.06wt.% Ni-CNT 39 ± 4 133 ± 1 184 ± 2 12.7 ± 0.4 23.0 ± 0.9 
Mg/0.18wt.% Ni-CNT 43 ± 1 139 ± 2 190 ± 3 11.0 ± 1.2 20.3 ± 2.4 
Mg/0.3wt.% Ni-CNT 55 ± 3 206 ± 2 237 ± 1 6.4 ± 0.3 15.1 ± 0.4 
Mg/0.3wt.% CNT 36 ± 1 119 ± 4 163 ± 7 5.7 ± 0.2 9.0 ± 0.2 
 
 




Tensile fracture surfaces of Mg and Mg/NiCNT and Mg/CNT composites 
are shown in Figure 4.8. The SEM micrographs (Figure 4.8a) showed that the 
CNTs were pulled out of the Mg matrix. The exposed CNTs have straightened out 
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from the fracture plane with their ends embedded in the Mg matrix. In contrast, 
most of the Ni-CNTs (Figure 4.8b) were individually dispersed and embedded 
within the Mg matrix. Figure 4.8c showed voids coalescing to form microcracks 
and the presence of cleavage steps. With the incorporation of Ni-CNTs, dimple-
like features (Figure 4.8d) were observed.  
 
Figure 4.8.  Fractographs of (a) Mg/0.3 wt.% CNT, with inset showing the magnified 
view of the CNTs being pulled out of the Mg matrix, (b) Mg/0.3 wt.% 
Ni-CNT composites showing the Ni-CNTs embedded in the Mg matrix, 
(c) Mg/0.3 wt.% CNT and (d) Mg/0.3 wt.% Ni-CNT composites, 
showing the difference in fracture morphology. 
 
4.3 Discussion 
4.3.1 Effect of Reinforcement Loading 
In general, by the rules of mixture, when a matrix material undergoes a 
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mechanical properties are enhanced. An increase in reinforcement loading 
leads to an increase in load bearing capability of the composites. The influence 
of increasing amount of Ni-CNT reinforcement loading (0.06wt.% to 0.3wt.%) 
in the Mg matrix was investigated.  
From Table 4.3, the results of room temperature tensile testing 
revealed an overall increase in 0.2% yield strength with Ni-CNT loading. The 
highest increment was observed in Mg/0.3wt.% Ni-CNT nanocomposites. The 





my and m0  are yield strength of the reinforced and unreinforced 
matrix, respectively.  , the total increment in yield stress of the Ni-CNTs 
reinforced Mg nanocomposites can be explained by the combined effect of 
grain size strengthening and the formation of geometrically necessary 
dislocations due to the presence of Ni-CNTs. The possible strengthening 
mechanisms that act unevenly throughout the matrix can be combined as the 





HP  is the grain size strengthening through the Hall-Petch mechanism. A 
significant increase in flow stress is achieved as the grain size is reduced. The 
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where 
yK is the stress intensity factor for plastic yielding and d  is the average 
grain diameter. In general, the yield stress increases with decreasing grain size. 
The increasing amount of grain boundaries due to grain size refinement, acts 
as obstacles to dislocation movement and results in dislocation pile-ups. These 
obstacles lead to an overall increase in the strength of the Mg/Ni-CNT 
nanocomposites over that of the monolithic Mg.  
EM and CTE are the stress increment due to elastic modulus and 
coefficient of thermal expansion mismatch between the Mg matrix and the Ni-







where b is burgers vector, m is the shear modulus of the matrix,   and  are 
the strengthening coefficients. 
The geometrically necessary dislocations are stored near the surfaces 
of the Ni-CNTs to accommodate deformation caused by elastic modulus and 
CTE mismatch between the Ni-CNTs and Mg matrix. The geometrically 
necessary dislocation density due to elastic modulus mismatch can be 




where b is burgers vector,  is the local length scale of the deformation field 
and m  is the shear strain in the matrix. 
EM
GmEM b  3
CTE
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For particulate reinforced composites,   is related to the interparticle 
distance and considered to be approximately equal to r/V, where r is the 
particle radius and V is the volume fraction of the particles. These 
geometrically necessary dislocation densities are found to increase with 
shorter reinforcement distance, decreasing diameter and increasing volume 
fraction of the reinforcements. In a study by Kelly [16], rod shape 
reinforcements such as Ni-CNTs was found to strengthen approximately twice 
as much as spherical particles of the same volume fraction due to shorter inter-
reinforcement spacing. Increasing the amount of Ni-CNTs with their diameters 
in the nanosize range is also expected to give better yield strength in the 
composites than micron-size reinforcements. 
The geometrically necessary dislocations needed for the 




where b is the Burgers vector, d is the diameter of the Ni-CNT, CNTNiV  is the 
volume fraction of the Ni-CNTs and  is the thermal misfit strain between the 
matrix and reinforcement. 
Equation (4.7) correlates well with the experimental results in this 
study where yield strength was observed to increase with the increase in the 
volume fraction of Ni-CNTs added to the Mg matrix (see Table 4.3). A higher 
dislocation density due to CTE mismatch can be generated leading to higher 
yield strength with increasing volume fraction of Ni-CNTs and/or decreasing 
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A significant increase in failure strain was observed for both 0.06 and 
0.18wt.% addition of Ni-CNT. The largest improvement in failure strain (60 
%) in Mg/0.06wt.% Ni-CNT has contributed to the highest increment (73 %) 
in energy absorbed up to tensile fracture. Activation of the additional slip 
systems is necessary to modify the cleavage crack propagation to a 
homogeneous plastic deformation to failure. Such activation increases the 
ability of the Mg to deform, which in turn increases the ductility. The presence 
of CNT reinforcement has been previously identified as a contributing factor 
to the activation of additional cross-slip and non-basal slip systems [18]. A 
decrease in failure strain was observed with the addition of Ni-CNT. This 
could be due to the increased formation of brittle intermetallic in the Mg/Ni-
CNT composites. 
From this study, the composite material reinforced with 0.3wt.% Ni-
CNT gave the highest tensile strength. Thus, the same composition was 
selected for further comparison studies with pristine CNT reinforcement. 
 
4.3.2    Effect of Reinforcement Interface Engineering 
Reaction involves the transfer of atoms from one or both of the 
constituents to the reaction site near the interface and these transfer processes 
are diffusion controlled. Depending on the composite constituents, the atoms 
of the tube’s surface diffuse through the reaction site or the matrix atoms 
diffuse through the reaction product. In general, the continuous reaction to 
form a new compound at the interface region is detrimental to the mechanical 
properties of composites. This is often seen in molten metal processing routes 
which involves long contact times between the reinforcement and the metal 
melt [19].  
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However, in this study, the contact times between Ni-CNT 
reinforcement and Mg matrix is kept to a minimum due to the short processing 
time using microwave sintering technique [20]. This resulted in limited tube-
matrix reaction across the Mg/Ni-CNT interface. Since Mg does not react with 
carbon, (free energy of formation of MgC2 and Mg2C3 are positive) at the 
processing temperatures up to 640 °C [21], the overall reaction is limited by 
the thickness of the Ni coating on the CNT’s surface. The Ni coating which is 
a microwave absorbing material [22], could be heated up quickly using 
microwave sintering. It reacts with Mg to form the Mg2Ni intermetallics at 
506 °C [23] (Figure 4.4). This limiting reaction resulted in a good interface 
adhesion between the Ni-CNT and the Mg matrix. At the same time, this 
prevents the formation of excessive intermetallics which could be detrimental 
to the failure strain of the samples. 
Comparatively, in Mg/CNT composites, insufficient wetting and low 
adhesion between CNT and Mg matrix contribute to the inferior mechanical 
properties. In Figure 4.5, a discontinuous layer was observed on the surface of 
an isolated CNT detached from the Mg/CNT composites. EDX spectrum of 
the elements present on the CNT surface showed that Mg reacted with the 
ambient air to form MgO at the Mg/CNT interface. This is in accordance with 
other reports where the MgO layer did not form a complete coverage of the 
CNT surface, resulting in moderate adhesion with the Mg matrix [24]. 
These observations were further supported by XRD analysis (Figure 
4.6), which showed the presence of Mg2Ni diffraction peaks in Mg/Ni-CNT 
samples. The reaction of Ni coating on CNT, with the surrounding Mg 
particles resulted in the formation of the Mg2Ni intermetallic phase. MgO 
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peaks were also detected in both composites. This suggests the possible 
formation of MgO dispersoids which originate from oxidation of the Mg 
powders during processing [24]. 
The mechanical behavior resulted from the presence of interfacial 
reaction zone is presented in Table 4.3. The presence of Ni and/or 
intermetallics are efficient grain refiners for Mg composites. A significant 
increase in flow stress was achieved as the grain size was reduced. The grain 
size dependence of the yield stress, y can be expressed by the Hall-Petch 
Equation (4.3). In general, the yield stress increased with decreasing grain 
size. The increasing amount of grain boundaries due to grain size refinement, 
acts as obstacles to dislocation movement and results in dislocation pile-ups. 
These obstacles led to an overall increase in the strength of the Mg/Ni-CNT 
composites over that of the monolithic magnesium.  
Mg/Ni-CNT composites possessed a significantly higher hardness than 
that of the composites reinforced with pristine CNTs. It had been previously 
proven that a higher concentration of reaction product led to further increment 
of micro-hardness in the near vicinity of particulates [9]. Diffusion bonding 
studies conducted by Zhang et al. [25] also showed that the Mg-Ni reaction 
layer (Mg2Ni) yielded an improved micro-hardness of 244.1 Hv compared to 
the unreacted Ni (100 Hv) and Mg (44 Hv) layers. Hence, we can infer that the 
occurrence of an interfacial reaction between Mg matrix and the Ni coating (in 
Mg/0.3 wt.% Ni-CNT composites) resulted in the formation of an interface 
which is much stronger than that between the Mg matrix and the pristine CNT 
(in Mg/0.3 wt.% CNT composites).  
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A significant improvement of 0.2% yield strength (~64 %) and 
ultimate tensile strength (~39 %) were observed with the Ni-CNT addition 
while a slight decrease in mechanical properties was observed with the pristine 
CNT addition (Figure 4.7). For the case of Mg/CNT composites, bonding 
occurred only between the Mg and Mg particles as well as between the Mg 
particles and CNT reinforcements. The presence of strong van der Waals 
forces between the CNTs resulted in mutual attraction of the nanotubes [26]. 
As such, small clusters of CNTs were formed in some areas of the Mg matrix 
where CNTs come into contact directly with each other rather than with the 
Mg particles. This hindered the effective bonding between the CNTs and the 
Mg particles, resulting in the associated porosity (Figure 4.3a). During tensile 
loading, these act as crack initiation and propagation sites in the Mg/CNT 
composites resulting in premature failure of the composites. Hence, the 
ultimate tensile strength of the Mg/CNT composites remained similar to that 
of the monolithic Mg samples while a larger decrease in failure strain was also 
observed compared to Mg/Ni-CNT composites. In contrast, the presence of the 
Ni coating on CNT prevented the clustering of Ni-CNTs and allowed a more 
uniform dispersion in the Mg matrix through better surface interaction. This 
resulted in the formation of a dense composite with minimal porosity (Figure 
4.3b) and the effect of dispersion strengthening by inhibiting the motion of 
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4.3.3 Fracture Behaviour 
The evidence of the weak interface bonding in Mg/CNT composites 
and enhanced interface bonding in Mg/Ni-CNT composites could also be 
observed in the fractographs presented in Figure 4.8. The SEM micrographs 
(Figure 4.8a) showed that the CNTs were pulled out of the Mg matrix. The 
exposed CNTs straightened out from the fracture plane with their ends 
embedded in the Mg matrix. This indicated that the insufficient coverage of 
the MgO around the CNTs resulted in areas of weak interfacial bonding and 
hence, inefficient load transfer across the interface. Decohesion at the fiber-
matrix interface has resulted in fiber-pullout, void nucleation and crack 
propagation during the tensile loading. In contrast, most of the Ni-CNTs 
(Figure 4.8b) were individually dispersed and embedded within the Mg matrix 
contributing to the enhanced mechanical properties. Figure 4.8c showed voids 
coalescing to form microcracks and the presence of cleavage steps. These 
indicated that the Mg/CNT composites failed in a predominantly brittle mode 
under tensile loading. With the incorporation of Ni-CNTs, dimple-like features 
(Figure 4.8d) were observed.  
 
4.4 Conclusions 
In summary, Mg composites reinforced with CNT and Ni-CNT were 
successfully synthesized using the powder metallurgy route incorporating 
microwave assisted rapid sintering. An enhancement in mechanical properties 
was observed with increased loading of Ni-CNT. In the case of Mg/0.3wt.% 
Ni-CNT composites, simultaneous increase of the microhardness by 41 %, the 
UTS by 39 % and the 0.2% YS by 64 % in comparison with that of the 
monolithic Mg were achieved. These are due to the combined effect of : (i) the 
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grain size refinement, (ii) the formation of geometrically necessary 
dislocations due to the presence of Ni-CNTs, (iii) the good dispersion of the 
Ni-CNT reinforcements within the Mg matrix and (iv) the enhanced interfacial 
interaction between the Ni-CNT and the Mg matrix.  
For a composite material, the reinforcement-matrix interface should be 
designed with a reaction layer to enhance the bonding and to maximize the 
load bearing potential of the reinforcing phase if it is not wetting with the 
matrix. The formation of the interface intermetallic (Mg2Ni) of controlled 
thickness (governed by Ni coating thickness), ensured good wetting of the 
CNT with the Mg matrix. This prevents the formation of microscale cavity at 
the interface and allows the good adherence at the interface to avoid premature 
delamination. These contributed to the significant enhancement of the 
composite’s mechanical properties without a large decrease in failure strain. 
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DEVELOPMENT OF Mg/GNP COMPOSITES 
 
5.1    Introduction 
Graphene is a two-dimensional monolayer of carbon atoms with 
exceptional mechanical properties due to its sp
2
 carbon bonding network. It 
has gained considerable interest as a filler material for composites in recent 
years since it is comparable to carbon nanotubes (CNT) in terms of its elastic 
modulus and strength [1]. In comparison with one-dimensional CNT, a 
graphene sheet has maximum stiffness across all its in-plane directions and 
enjoys a larger surface-to-volume ratio [2]. It is also lower in material cost.  
All these attributes make graphene a very promising reinforcement material 
for composites [3].  
Recently, studies utilizing graphene as reinforcements in polymers 
showed significant improvements in the elastic modulus, impact strength and 
tensile properties for low volume loadings of reinforcement [4, 5]. However, 
their additions to metal matrices revealed otherwise. Rashad et al. [6] 
fabricated Mg/GNP using the semi-powder metallurgy and their 
Mg/0.3wt.%GNP composites exhibited slight improvements in yield strength 
(~5 %) and ultimate tensile strength (~8 %). The ductility value was also 
reduced by 10 %. The low improvements were attributed to the presence of 
pores and cavities which were introduced during their processing. In another 
study by Bartolucci et al. [7], Al/GNP composites were fabricated using the 
powder metallurgy route involving ball milling, hot isostatic pressing and 
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extrusion. It was found that graphene is prone to form aluminum carbide due 
to the defective nature of graphene produced. This led to the inferior 
properties of the Al/GNP composites when compared to that of the Al/CNT 
composites and pure Al samples. These studies revealed that it remains a 
challenge to effectively disperse the GNP in the metal matrices. Therefore, it 
is critical to judiciously select a fabrication process for the metal/graphene 
composite so as to homogeneously disperse the graphene while maintaining its 
structural integrity. 
In this study, Mg/GNP composites were synthesized using a powder 
metallurgy route. Minimal damage was introduced to the GNP by blending the 
GNP reinforcements with the Mg in a mechanical alloying machine at 200 
rpm for 1 h without the use of any milling media or process control agents. 
The homogenized powder mixtures of the Mg and reinforcement were then 
cold compacted, sintered using a hybrid microwave sintering technique, 
followed by hot extrusion (extrusion ratio 25:1) to yield 7mm rods for 
characterization studies. The mechanical properties of the Mg composites at 
different loading fractions (0.1 wt.% to 0.5 wt.%) of GNP reinforcements were 
investigated. The composites with the optimal GNP loading fraction were 
subsequently compared with the same loading fraction of CNT 
reinforcements. The influence of the GNP loading and effect of reinforcement 
geometry on the composite material’s performance were verified through tests 
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5.2 Results and Discussion 
5.2.1 Materials 
In this study, magnesium powder of 98.5% purity with a size range of 
60-300 µm (supplied by Merck, Germany) was used as the matrix material. 
Graphene nanoplatelets (GNP) (Figure 5.1a) produced using a plasma 
exfoliated process and pristine multi-walled carbon nanotubes produced by 
chemical vapor deposition (supplied by Tsinghua University, China) (Figure 
5.1b) were used as the reinforcements in the composites. The few-layered 
graphene has an average thickness of 3 - 10 nm and 1 - 2 m in size while the 
CNTs have typical diameters of 10 - 20 nm and lengths of 10 - 30 m.  
 
Figure 5.1. TEM micrographs showing the (a) graphene nanoplatelets and (b) multi-
walled carbon nanotubes used in this study. 
 
5.2.2 Density and Porosity Measurements 
Table 5.1 shows the density and porosity results of the Mg and Mg 
composites. Overall, the addition of CNT and GNP reinforcements did not 
affect the material’s overall density which is desirable for lightweight 
applications of Mg composites. The lowest porosity (0.2 vol.%) was observed 
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in porosity levels was also observed with further increase in loading fraction 
of GNP from 0.3wt.% to 0.5wt.%. 
 
Table 5.1.  Results of density and CTE for Mg and Mg nanocomposites. 
Materials 










Mg 1.737 ± 0.003 0.20 28.88 
Mg/0.1wt.% GNP 1.736 ± 0.002 0.33 27.83 
Mg/0.3wt.% GNP 1.737 ± 0.002 0.20 27.08 
Mg/0.5wt.% GNP 1.737 ±  0.003 0.73 26.44 
Mg/0.3wt.% CNT 1.738 ±  0.002 0.76 27.70 




5.2.3 Coefficient of Thermal Expansion (CTE) 
 CTE measurements obtained from the extruded monolithic and 
reinforced magnesium composites samples are listed in Table 5.1. CTE results 
showed an improvement in the dimensional stability of magnesium matrix in 
the temperature range of 40 to 400 C with the addition of pristine CNT and 
GNP reinforcements. A decrease in CTE was observed with increased loading 
of GNP reinforcements. Mg/0.5wt.%GNP composites exhibited the lowest 
CTE value at 26.44 x 10
-6
/C.  This could be attributed to the lower CTE of 
GNP and CNT (~1 x 10
-6





5.2.4 Microstructural Analysis 
Grain size studies revealed a predominantly equiaxed grain structure 
and a reduction in grain size (~32 %) with the addition of 0.3wt.%GNP 
reinforcements (Table 5.2, Figure 5.2) as compared to that of the Mg matrix 
material. Smaller grain size was also observed in the case of Mg/0.3wt.%GNP 
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composite (average of 16.5 µm) as compared to that of the Mg/0.3wt.%CNT 
composite (average of 23.1 µm). This showed that the pinning effect of the 
GNP on grain growth was more significant than that of the CNT 
reinforcements. It was also noted that the aspect ratio and roundness of the 
grains were not significantly affected by the addition of reinforcements.  
 
Table 5.2.  Results of grain morphology analysis for Mg and Mg nanocomposites. 
Materials 







Mg 24.4 ± 6.1 1.47 ± 0.30 1.37 ± 0.12 
Mg/0.1wt.% GNP 21.2 ± 4.0 1.40 ± 0.31 1.33 ± 0.12 
Mg/0.3wt.% GNP 16.5 ± 3.7 1.45 ± 0.28 1.31 ± 0.11 
Mg/0.5wt.% GNP 19.9 ± 3.6 1.35 ± 0.22 1.35 ± 0.12 
Mg/0.3wt.% CNT 23.1 ± 5.2 1.41 ± 0.31 1.35 ± 0.12 
a  Aspect ratio is measured by dividing the maximum dimension by the minimum dimension of the 
grain. 
b  Roundness is the shape of the grain expressed by the formula (perimeter)2/4(area); the lower the 
roundness, the less sharp the edges will be (circle roundness = 1). 
 
 
Figure 5.2.  Representative optical images of (a) Mg, (b) Mg/0.1wt% GNP, (c) 
Mg/0.3wt% GNP and (d) Mg/0.5wt% GNP composites, showing the 
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5.2.5 Distribution of Reinforcements 
 In order to investigate the distribution of reinforcements in the 
composites, the microstructure of the polished samples were analyzed using 
the FESEM and TEM. Both composites samples (Mg/0.3wt%GNP and 
Mg/0.3wt%CNT) showed mainly presence of reinforcement agglomeration 
with some individually dispersed reinforcements (Figures 5.3, 5.4 and 5.5). As 
Mg does not react with carbon, (free energy of formation of MgC2 and Mg2C3 
are positive) at the processing temperatures up to 640 °C [10],  cluster 
formation in both Mg/GNP and Mg/CNT composites were inevitable and were 
observed to worsen with higher reinforcement loadings.  
 Although clustering could result in the under utilization of the 
reinforcement’s intrinsic strength, a denser cluster with good bonding with the 
matrix could still contribute to the strengthening of the composites. Villoria et 
al. [11] showed that a well infiltrated CNT cluster could improve the elastic 
modulus of the composites, while Bakshi et al. [10] showed that a partially or 
uninfiltrated CNT cluster could be classified as porosity, resulting in decrease 
in tensile strength in the composites. A strong interface between the 
reinforcement clusters and the matrix should exist. The presence of porosity at 
the interface would prevent an effective load transfer to the reinforcements 
thus resulting in premature failure of the composite and a reduction in the 
composite’s overall strength. 
 In the case of Mg/GNP composites (Figures 5.3 (a-d)), although there 
was presence of submicron pores in the vicinity of the GNP cluster, an overall 
dense cluster with reasonable bonding with the matrix  could be observed. The 
GNP clusters were similar to micron-sized particles uniformly dispersed 
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throughout the whole composites (Figure 5.3a). In contrast, the CNT clusters 
in the Mg/CNT composites were less dense and existed as large pores (~10 
microns) (Figures 5.3 (e-h) in the composites. These explained the lower 
porosity values observed in Mg/0.3wt%GNP composites (0.20 vol.%) when 
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Figure 5.3. Representative SEM micrographs of (a - d) Mg/0.3wt%GNP and (e - h) 
Mg/0.3wt%CNT composites, showing the difference in porosity level. 
Arrows indicate location of pores. Higher magnification images of the 
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Figure 5.4.  Representative TEM micrographs showing the (a) CNT clusters and (b) 





5.2.6 Mechanical Behaviour 
Table 5.3 lists the results of the room temperature tensile tests 
conducted on the extruded samples. The results revealed an increase in 
strength up to 0.3wt.% loading of the GNP reinforcements in the Mg/GNP 
composite. For the Mg/0.3wt.%GNP composites, the 0.2% yield strength and 
ultimate tensile strength improved by 17 % and 13 %, respectively, when 
compared to that of the base Mg material. In contrast, no improvement in 
mechanical properties was observed for the case of the Mg/0.3wt.%CNT 
composite. A more drastic decrease in the failure strain was also observed for 
the Mg/0.3wt.%CNT composites (30 % decrease) when compared to that of 
the base Mg material. On the other hand, the failure strain was maintained for 









Development of Magnesium Nanocomposites 
Reinforced with Carbon-based Material 
 
 
Development of Mg/GNP composites 
 
Table 5.3.  Results of tensile test for Mg and Mg nanocomposites. 
Materials 










Mg 108 ± 2 165 ± 3 10.8 ± 0.3 17.3 ± 0.6 
Mg/0.1wt.% GNP 116 ± 1 174 ± 2 12.0 ± 0.8 20.3 ± 1.6 
Mg/0.3wt.% GNP 126 ± 5 186 ± 5 10.5 ± 0.5 19.1 ± 1.2 
Mg/0.5wt.% GNP 108 ± 4 171 ± 3 7.0 ± 1.9 11.6 ± 3.1 
Mg/0.3wt.% CNT 104 ± 6 164 ± 8 7.6 ± 0.2 12.0 ± 0.9 
 
 In comparison with the Mg/CNT composites, the addition of GNP 
reinforcements resulted in better reinforcing efficiency for the same wt.% of 
reinforcements incorporated into the Mg. This could be attributed to the 
following few factors. Firstly, the GNP has a rough and wrinkled surface 
texture which is due to the high density of surface defects. This is a result of 
the exfoliation process used to manufacture the bulk quantities of GNP from 
graphite. These rougher surfaces on the GNP interlock better with the 
surrounding matrix material, hence aid in the interfacial load transfer. 
Secondly, the GNP (>750 m
2
/g) has a higher specific surface area (SSA) than 
that of the CNT (233 m
2
/g) [12, 13]. As a planar sheet, the GNP reinforcement 
benefitted by having more contact surfaces with the matrix material than the 
tube-shaped CNT. Moreover, the metallic atoms of the matrix are not able to 
fill the interior of the nanotubes. In contrast, for the case of the GNP, the top 
and bottom surfaces of the graphene sheet can interact and bind with the 
metallic atoms of the Mg matrix. Thirdly, the higher porosity in the CNT 
clusters resulted in a weak interface with the presence of voids. These voids 
act as crack nucleation sites contributing to the drastic drop in failure strain. 
On the other hand, the denser GNP clusters could provide better strengthening 
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Figure 5.5.  TEM micrographs showing the different forms of graphene nanoplatelets 
(GNP) embedded in the Mg matrix. (a) Agglomeration, (b, c) scrolling, 
(d) restacking and (e, f) folding of the GNP sheets. The boxed region in 
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Figure 5.6. Schematic showing the undesired configurations of graphene 
reinforcements in the nanocomposites [14]. 
 
Despite the improvement in mechanical strength observed in this 
study, the homogeneous distribution of the graphene sheets in the matrix is 
still a challenge in the synthesis of the GNP reinforced nanocomposites. 
Graphene sheets in the nanocomposites were often observed in crumpled, 
wrinkled, agglomerated, folded and even restacked forms as shown in the 
schematic diagram (Figure 5.6). Such undesired configurations could 
influence the stiffening effect of the GNP nanofillers. In the theoretical studies 
conducted by Ji et al. [14], the reinforcing effect of different geometric 
morphologies of graphene dispersed in polymer matrix was investigated. It 
was found that van der Waals forces between the 2D graphene sheets resulted 
in them stack forming multi-layers or rolling into a tube-like shape. These 
were also observed in the present study of the TEM analysis conducted on the 
Mg/GNP composites (Figure 5.5). These undesired morphologies weakened 
the stiffening effect of the graphene sheets [14]. 
Also in the similar study [14], when the reinforcements are randomly 
oriented, the elastic modulus of the graphene composites far exceeds that of 
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the CNT composites. Due to CNT’s unique geometry, it has maximum 
stiffness only along its length (1D) while graphene has maximum stiffness 
across its 2D plane (in-plane direction). This resulted in a larger stiffening 
effect in the case of graphene reinforcements. This is also observed in the 
present study whereby the Mg/GNP composite exhibited enhanced tensile 
strength when compared to that of the Mg/CNT composite at the same 
reinforcement loading fraction (0.3 wt.%).  
 
5.2.7 Fracture Behaviour 
The fracture surfaces observed in the Mg/CNT composites (Figure 
5.7a) revealed the presence of cleavage steps which indicated the inability of 
the Mg/CNT composites to deform significantly under uniaxial tensile 
loading. This is the characteristic of a brittle failure mode. However, the 
fracture surface of the Mg/GNP composites revealed a mixed mode of failure 
with higher occurrence of smaller dimple-like features, which is the 
characteristic of a ductile plastic deformation (Figure 5.7b). The transition 
from a brittle to a mixed mode type of fracture may be attributed to the 
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Figure 5.7.  Fractographs of (a) Mg/0.3wt.%CNT and (b) Mg/0.3wt.%GNP 




In summary, Mg composites reinforced with GNP and CNT were 
successfully synthesized using the powder metallurgy route incorporating 
microwave assisted rapid sintering. The tensile results revealed that with the 
addition of up to 0.3wt.% loading of the GNP reinforcements in the Mg/GNP 
composite, there was a corresponding increase in 0.2% YS and UTS when 
compared to that of base Mg material. The ductility value of Mg/0.3wt.% 
GNP was comparable to that of the base Mg material. However, with the 
addition of CNT in Mg/CNT composite, a 30% decrease in ductility was 
observed while the average 0.2% YS and UTS remained unchanged when 
compared to that of the base Mg material. The improvement in mechanical 
properties of Mg/GNP composites could be attributed to (i) the higher specific 
area of the GNP as compared to that of the CNT, (ii) the rougher surfaces on 
the GNP interlock better with the Mg matrix and (iii) the presence of dense 
GNP clusters. Furthermore, smaller grain size was also reported for the 
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Mg/0.3wt.%CNT composite (average of 23.1 µm). Despite the improvement 
in tensile properties for Mg/GNP composites, the findings in the present study 
also showed that it is still challenging to homogeneously distribute the 
graphene sheets in the Mg matrix. In the later studies, graphene oxide (Chapter   
6) and Ni nanoparticles (Chapter 7) will be incorporated into the composite 
material, to better facilitate the dispersion.  
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DEVELOPMENT OF Mg/GO COMPOSITES 
 
6.1    Introduction 
Studies have shown that exceptionally high moduli nanofillers (~1 
TPa) together with nanoscale effects and interface chemistry, enable a low 
loading of the reinforcing phase to remarkably improve the behavior of 
matrices [1]. Other than carbon nanotubes (CNT), graphene is one such 
material. Graphene exists in a few different forms such as graphene 
nanoplatelets (GNP) and graphene oxide (GO). GNP composed of a few 
graphene layers possess properties similar to that of single-layer graphene but 
are much easier to produce and more cost effective. On the other hand, GO is 
essentially functionalized graphene with oxygen-containing groups. Due to the 
presence of such surface groups, GO has unique properties and differs from 
GNP. Research on the mechanical properties revealed that the Young’s 
modulus of graphite and graphene are similar E~1.0 TPa [2]. The Young’s 
modulus of GO in relation to the number of layers were 207.6, 444.8 and 
665.5 GPa. These values correspond to single layer, double-layer and three-
layer GO sheets respectively [3]. These results showed that utilizing graphene 
and graphene oxide as reinforcements can yield composites with great 
potential surpassing that of the conventional CNT composite system.  
 To-date, GO has been used mostly in polymer composites to enhance 
their mechanical properties. Bortz et al. [4] studied the fracture toughness and 
fatigue life of epoxy/GO matrix composites. It was found that the fatigue life 
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of the epoxy matrix increased through crack pinning by the presence of GO. 
More recently, GO was also introduced into metal matrices. Wang et al. [5] 
added GO to the Al matrix instead of graphene nanoplatelets (GNP) as the 
reinforcement material due to the presence of epoxy and hydroxyl groups on 
the GO surface. This allowed easier dispersion of GO in solvents and 
adsorption on polyvinylalcohol (PVA) coated Al flakes. Al/GNP composites 
were formed after the reduction of GO at a high temperature. An improvement 
in tensile strength (62 %) was obtained with the addition of 0.3wt.% GO. 
However, the ductility of the material was compromised. Lin et al. [6] added 
single layer graphene oxide powders with iron matrix by laser sintering to 
form Fe/GO composites. The microhardness was increased by 93.5 % with the 
addition of 2wt.% GO and the fatigue properties were also improved.  
 These studies have shown that GO has the potential in improving the 
dispersion in metal matrices due to the presence of oxygen functional groups. 
As earlier reported in Chapter 5, the Mg/GNP composites showed enhanced 
mechanical properties in comparison with the Mg/CNT composites. However, 
clustering still exists in the Mg/GNP composites. Improvements in the 
mechanical properties could be achieved by adopting the approach of surface 
coating of the GNP reinforcements. An interfacial product could be formed, 
improving the wettability of the GNP reinforcements with the Mg matrix, thus 
leading to the formation of strengthened composites. However, to the best of 
our knowledge, there is no report on Mg/GO composites and there is also a 
lack of understanding of the Mg-GO interface.  
 Hence, in this study, Mg/GO composites were synthesized. It is 
hypothesized that functional oxygen groups uniformly distributed on the GO 
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surface could improve the dispersion of the GO reinforcements in the Mg 
matrix by the generation of a strengthened interface through the formation of a 
reaction product (MgO). 
Accordingly, in this study, Mg composites were fabricated using pure 
magnesium as the matrix material with GO and pristine GNP as the 
reinforcement materials. The composites were synthesized using the powder 
metallurgy route incorporating microwave assisted rapid sintering technique, 
followed by hot extrusion to yield 8 mm rods for characterization studies.  
The mechanical properties of Mg composites at different loading 
fractions (0.1 wt.% and 0.3 wt.%) of GO reinforcements were studied. The 
composites with the optimal GO loading fraction were subsequently compared 
with the pristine GNP reinforcements. The fundamental mechanism 
underlying the enhancement in mechanical properties (i.e. tensile strength and 
microhardness) and the integrity of the Mg-GO interface were also 
investigated.  
 
6.2  Results and Discussions 
6.2.1 Materials 
In this study, magnesium powder of 98.5% purity with a size range of 
60–300 µm (supplied by Merck, Germany) was used as the matrix material. 
Graphene nanoplatelets (GNP) produced using a plasma exfoliated process 
and graphene oxide (GO) produced using the modified hummers method 
(supplied by Cheap Tubes Inc., USA) were used as reinforcements in the 
composites. The few-layered graphene has an average thickness of 3 - 10 nm 
and 1 - 2 m in size (Figures 6.1(a and c)).  
 85 
 
Development of Magnesium Nanocomposites 
Reinforced with Carbon-based Material 
 
 
Development of Mg/GO composites 
 
The chemical environments of GNP and GO were analyzed by X-ray 
photoelectron spectroscopy (XPS), as shown in Figures 6.1(b and d). The 
symmetrical C1s peak collected from G was situated at 284.6 eV and 
corresponded to emission from the sp
2
-hybridized carbon. On the other hand, 
the C1s peak of GO was found to be highly asymmetrical and showed 
chemically shifted components at higher binding energies of 286 and 287.7 
eV, which could be assigned to the C-O and C=O groups. The wrinkled nature 
of the graphene sheets was observed as shown in Figure 6.1c. It was reported 
that the wrinkled structure serves to enhance the load transfer at the 
reinforcement/matrix interface through mechanical interlocking [7, 8].  
 
6.2.2 Density and Porosity Measurements 
Table 6.1 shows the density and porosity results of Mg and Mg 
composites. A slight decrease in density was observed with the addition of GO 
and GNP reinforcements. Overall, the addition of GO and pristine GNP 
reinforcements did not affect the material’s overall density which is desirable 
for lightweight applications of Mg composites. Near dense samples were 
achieved with the addition of GO and GNP reinforcements with a slight 
increase in porosity (0.24 vol.% to 0.33 vol.%) when compared to that of the 
monolithic Mg (0.14 vol.%). A reduction in porosity was also observed with 
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Figure 6.1.  TEM micrographs and XPS spectra of (a, b) GNP and (c, d) GO. Inset in 





Table 6.1.  Results of density and CTE for Mg and Mg nanocomposites. 
 
Materials 










Mg 1.739 ± 0.007 0.14 28.88 
Mg/0.1wt.% GO 1.735 ± 0.009 0.32 28.28 
Mg/0.3wt.% GO 1.734 ±  0.006 0.24 27.00 
Mg/0.3wt.% GNP 1.734 ±  0.004 0.33 27.44 
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6.2.3 Coefficient of Thermal Expansion (CTE) 
 CTE measurements obtained from the extruded monolithic and 
reinforced magnesium composites samples are listed in Table 6.1. CTE results 
showed an improvement in the dimensional stability of magnesium matrix in 
the temperature range of 40 to 400 C with the addition of pristine GNP and 
GO reinforcements. A decrease in CTE was observed with increasing addition 
of GO reinforcements. Mg/0.3wt.%GO composites also exhibited a lower 
CTE when compared to that of the Mg/0.3wt.%GNP composites.   
 The decrease in CTE values in the composites could be attributed to: 
(i) the good interfacial integrity between reinforcements and the matrix 
resulting in the effectiveness of the reinforcements to constrain the expansion 
of the matrix and (ii) also the lower CTE of GO (-67 x 10
-6
/C) [9] and GNP 
(~1 x 10
-6
/C) [10] compared to Mg (28.88 x 10-6/C). 
 
6.2.4 Microstructural Analysis 
Grain size studies revealed a predominantly equiaxed grain structure 
and a reduction in grain size (~26 %) with the addition of 0.3wt.%GO 
reinforcements (Table 6.2) as compared to that of the Mg matrix material. 
Smaller grain size was also observed in the case of Mg/0.3wt.%GO 
composites when compared to that of the Mg/0.3wt.%GNP composites. This 
showed that the pinning effect of GO on grain growth was more significant 
than that of the GNP reinforcements. On the other hand, the aspect ratio and 
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Table 6.2.  Results of grain morphology analysis for Mg and Mg nanocomposites. 
 
Materials 







Mg 25.0 ± 5.9 1.40 ± 0.31 1.32 ± 0.13 
Mg/0.1wt.% GO 21.6 ± 7.0 1.48 ± 0.29 1.35 ± 0.11 
Mg/0.3wt.% GO 18.5 ± 4.3 1.46 ± 0.24 1.37 ± 0.16 
Mg/0.3wt.% GNP 21.5 ± 5.4 1.59 ± 0.40 1.42 ± 0.17 
a  Aspect ratio is measured by dividing the maximum dimension by the minimum dimension of the 
grain. 
b  Roundness is the shape of the grain expressed by the formula (perimeter)2/4(area); the lower the 
roundness, the less sharp the edges will be (circle roundness = 1). 
 
6.2.5 Distribution of Reinforcements 
In order to investigate the distribution of reinforcement in the 
composites, the microstructure of the polished samples were analyzed using 
the FESEM (Figures 6.2 and 6.3). In the case of Mg/GNP composites (Figure 
6.3), a higher occurrence of GNP clusters was observed in comparison to that 
of Mg/GO composites. The absence of surface functional groups on GNP 
(Figure 6.1b) resulted in less interaction between the GNP reinforcements and 
the Mg matrix during the synthesis process. This resulted in overlapping and 
stacking of the flakes. Dispersion of GNP reinforcements in the Mg matrix 
were prepared using the blending process without any milling media or 
process control agents. As Mg does not react with carbon, (free energy of 
formation of MgC2 and Mg2C3 are positive) at the processing temperatures up 
to 640 °C [11], the blending process encouraged the formation of GNP 
agglomerates in the Mg/GNP composites. However, it was noted that these 
GNP agglomerates were uniformly distributed throughout the Mg matrix and 
some of the GNP reinforcements could still be individually dispersed via the 
interaction with the MgO present in the Mg particles. There was absence of 
macropores in the Mg/0.3wt.%GNP composites and porosity was maintained 
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at 0.33 vol.% (Table 6.1). In contrast, there were fewer occurrences of 
reinforcement clustering in the Mg/GO composites, hence leading to a denser 
composite with lower porosity (Table 6.1, Figure 6.2 (c and d)). 
 
Figure 6.2. Representative SEM micrographs of (a) monolithic Mg, (b) 
Mg/0.3wt.%GNP, (c) Mg/0.1wt.%GO and (d) Mg/0.3wt.%GO 
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6.2.6 Interface Analysis 
TEM imaging at the interface between the GO and the Mg matrix was 
carried out to clarify the tensile strengthening mechanism of the composites. 
Figure 6.4 shows the TEM micrographs of the Mg/GO composites. Figure 
6.4a shows a partially pulled-out GO sheet from the Mg matrix. The inset in 
Figure 6.4a shows the intact graphitic planes in the GO reinforcement. Based 
on simulations, it was reported that the melting temperature of graphene is 
~3200 °C [12]. The melting temperature of GO is much higher than that of Mg 
powders (650 °C). This helps the GO to survive during the sintering process. 
Figure 6.4b shows the region where the GO reinforcement was embedded in 
the Mg matrix.  A discontinuous and thin MgO layer of <3 nm thickness was 
observed. The observed MgO layer has an interplanar spacing about 0.243 nm, 
corresponding to the (111) planes of MgO.  Mg reacted with the ambient air to 
form MgO at the Mg/GO interface.  
Kathrein et al. [13] reported that metallurgical bonding between the 
MgO and the carbon could be improved through diffusion of carbon in MgO. 
The diffusion coefficient of carbon in MgO is DC/MgO = 2×10







]. Similarly from the TEM images, the region with the MgO 
interfacial layer showed strong interaction between the GO and the Mg matrix 
which allowed better load transfer across the interface, thus utilizing the high 
stiffness potential of the GO.  As the layer was discontinuous, delamination 
occurred at the region without the MgO interfacial product, resulting in the 
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Similarly, a study by Kondoh et al. [14] also reported that the MgO 
films do not cover the CNT’s surface completely in the Mg/CNT composites. 
However, it was reported that the bonding between the Mg matrix and MgO 
films was sufficient and there were good interfacial interactions of the CNT 
and MgO films. 
 Figure 6.5 shows the XRD patterns of the Mg/GO and Mg/GNP 
composites. The GNP exhibited an intense peak at 2θ value of ~26.4°, 
assigned to the stacking of the single graphene layers at a distance of 0.34 nm 
[15]. The GNP peak around 26.5° was observed for both composites. MgO 
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Figure 6.4.  TEM micrographs showing (a) GO pull-out from the Mg matrix. Inset 
shows region 1 in higher magnification. (b) A discontinuous thin MgO 
layer of <3nm thickness was observed at the Mg-GO interface in region 2 











       5nm 
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Figure 6.5.  Representative XRD diffractograms of the monolithic Mg/GNP and 
Mg/GO materials. 
 
6.2.7 Mechanical Behaviour 
Table 6.3 lists the results of the microhardness and room temperature 
tensile tests conducted on the extruded samples. The results revealed an 
increase in strength with increasing GO loading for the case of Mg/GO 
composites.  This could be attributed to the formation of a larger amount of 
MgO interface layers which contributed to the enhanced interfacial strength 
between the GO and Mg matrix. Better properties were also observed in 
comparison with that of the Mg/GNP composites. The largest improvement in 
mechanical properties was observed for the case of Mg/0.3wt.%GO 
composite. The microhardness, 0.2% yield strength and ultimate tensile 
strength improved by 21 %, 29 % and 10 %, respectively, when compared to 
that of the base Mg material. However, a decrease in failure strain (25 % for 
Mg/0.3wt.%GO) was observed when compared to that of the base Mg 
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material. Moreover, a larger decrease in failure strain was observed with the 
addition of higher wt.% of GO. Despite the decrease in ductility, a failure 
strain of 6 % in the Mg/0.3wt.%GO composite is still sufficient for standard 
engineering application 
  

















Mg 38 ± 3 93 ± 1 154 ± 4 8.0 ± 1.1 13.3 ± 2.5 
Mg/0.1wt.% GO 44 ± 3 104 ± 3 165 ± 4 7.8 ± 0.2 12.5 ± 0.4 
Mg/0.3wt.% GO 46 ± 4 120 ± 2 169 ± 1 6.0 ± 0.9 10.1 ± 1.6 
Mg/0.3wt.% GNP 41 ± 4 101 ± 2 157 ± 3 7.1 ± 0.8 10.8 ± 1.1 
 
 The improvement in hardness could be due to the reasonably uniform 
distribution of the GNP and GO reinforcements in the Mg matrix, reduction in 
grain size and higher constraint to localized matrix deformation during 
indentation due to the presence of the GNP and GO reinforcements. These 
results are consistent with the findings reported by other researchers [16-20].  
The improvement in yield strength of the Mg/GO can be presented 
using the following equation [21],  
 
(6.1)      
                                                                                                                    
where 
my and m0  are yield strengths of the reinforced and unreinforced 
matrix, respectively.  , is the incremental yield strength due to the effect of 
the GO reinforcements in Mg composites and can be explained by the 
combined effects of:  (i) grain size strengthening,  (ii) formation of increased 
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and Mg matrix and (iii) load transfer between the matrix and the reinforcement 
[22].   
The contribution from grain size refinement arises due to the pinning 
of the grain boundaries by the GO reinforcements. This resulted in an increase 
in the amount of grain boundaries which restricted the dislocation movement 
and led to dislocation pile-ups and the increase in the strength of the Mg/GO 
composites. 
The other key factor in determining the strength of the composites is 
how effectively the dislocations can be hindered by the GO reinforcement. 
CTE  is the stress increment due to the coefficient of thermal expansion 




where b is burgers vector,   is the shear modulus of the matrix,  is the 
geometric constant and   is the dislocation density. 
The geometrically necessary dislocations are stored near the surfaces 
of the GO to accommodate deformation caused by the CTE mismatch between 
the GO and Mg matrix. The geometrically necessary dislocations,  , needed 




where B = 8 for platelet, t is the smallest dimension of the 2D GO and GOV is 
the volume fraction of the GO. The thermal misfit strain between the matrix 
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where T  is the difference between test and annealing temperatures. CTE is 
the difference in the CTE of the Mg matrix (28.88 x 10
-6
/C) and GO (-67 x      
10
-6
/C) [9].  
 Another key strengthening mechanism is the load transfer between the 
matrix and the reinforcement. The strength of the Mg/GO composites is 
limited by the shear strength of the new phase (MgO) at the Mg-GO interface 
[24]. Hence, the strength of interface would influence the load transfer from 
the matrix to the GO reinforcements. The force, F, required for the failure can 




where c  is the tensile strength and A is the cross-sectional area of the 
Mg/GO composite. m  is the matrix tensile strength, bulkA  is the area of bulk 
component of the fracture surface, shear is the shear strength of the MgO 
interface and erfaceAint  is the area of the interface component of the fracture 





where erfacetint is the thickness of the interfacial area, GOr  is the average radius 
of GO and fV  is the volume fraction of the GO. By increasing (i) the shear 
strength, (ii) the thickness of the interfacial area and (iii) the volume fraction 
TCTE 
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of GO, these contributed to the increase in strength of the Mg/GO composites. 
Equation (6.6) correlates well with the experimental results in this study 
whereby the yield strength was observed to increase with the increase in the 
volume fraction of GO reinforcements added to the Mg matrix (see Table 6.3). 
However, the formation of the interface material (MgO) and the bonding of 
Mg-GO was not optimized (discontinuous layer observed in Figure 6.4b), 
leaving much room for improvement to further enhance the strength of the 
composites. It was observed by Bartolucci et al. [25] that the presence of 
defects in the graphene layers due to thermal exfoliation process, lowered the 
hardness and tensile strength in the Al/GNP composites. While graphene 
defects enhanced interfacial binding and load transfer in polymer matrices [2, 
26], the same was not observed for the case of Al metal matrices [25]. 
Similarly, in the theoretical studies by Liu et al., it was reported that in 
functionalized graphene sheets such as GO, the mechanical properties could 
change due to presence of crosslinks, as well as the defects and lattice 
distortion induced by chemical functionalization [27]. Hence, further 
optimization of the quality of GO and amount of surface oxygen groups could 
stretch the potential of the GO reinforcements.  
 With regards to the failure strain of the Mg/GO and Mg/GNP 
composites, both composite materials exhibited a poor elongation to failure as 
compared to that of the monolithic Mg material (Table 6.3). MgO films are 
known to have poor ductility [28], this contributed to the decrease in the 
elongation of the composites. For the Mg/0.3wt.%GO composite, it had the 
largest amount of MgO present and this corresponds to the largest decrease in 
failure strain observed (Table 6.3). 
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6.2.8 Fracture Behaviour 
 Tensile fracture surfaces of Mg/GNP and Mg/GO composites are 
shown in Figure 6.6. The presence of voids coalescing to form microcracks 
and the presence of cleavage steps (Figure 6.6c inset) indicated that the 
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Figure 6.6.  Fractographs of (a) Mg/0.3wt.%GNP, (b) Mg/0.1wt.%GO composites 
and (c) Mg/0.3wt.%GO composites showing the difference in fracture 
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6.3  Conclusions 
In summary, Mg composites reinforced with GO and GNP were 
successfully synthesized using the powder metallurgy route incorporating 
microwave assisted rapid sintering. The grain size of the Mg/0.3wt%GO 
composite was 26 % smaller than that of the base Mg material. It was also 
observed that the pinning effect of GO on grain growth was more significant 
than that of the GNP reinforcements. Moreover, due to the absence of surface 
functional groups on GNP, there was less interaction between the GNP 
reinforcements and the Mg matrix during the synthesis process. Hence, a 
higher occurrence of GNP clusters was observed. On the contrary, a denser 
Mg/0.3wt.%GO composite with lower level of porosity was reported when 
compared with that of Mg/0.3wt.%GNP. Furthermore, the presence of the 
MgO interfacial layer indicated a strong interaction between the GO and the 
Mg matrix, resulting in enhanced load transfer across the interface, thus 
utilizing the high stiffness potential of the GO.  Mechanical tests showed that 
the microhardness, 0.2% yield strength and ultimate tensile strength of the 
Mg/0.3wt.%GO composite improved by 21 %, 29 % and 10 %, respectively, 
when compared to that of the base Mg material. Though a 25 % decrease in 
ductility was noted for the Mg/0.3wt.%GO composite, its failure strain of 6 % 
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DEVELOPMENT OF Mg/Ni+GNP COMPOSITES 
 
7.1    Introduction 
Since the discovery of graphene, research on graphene has acquired 
much attention in recent years due to its extraordinary mechanical, thermal 
and electrical properties [1]. It has been commonly used as reinforcements in 
polymer composites [2, 3] since the high modulus (~1 TPa) together with its 
nanoscale effects enable a low loading of the reinforcing phase to improve the 
properties of the polymer matrices substantially [4-6]. Recently, metals have 
been used as the matrix material for graphene based composites. Bartoluccia et 
al. [7] has added graphene platelets (GNP) to powdered aluminum (Al) using 
ball milling, hot isostatic pressing, followed by extrusion. It was found that 
graphene is prone to forming aluminum carbide due to the defective nature of 
graphene produced. These resulted in lower tensile strength and hardness in 
the composites. Similar studies conducted on CNT/Al composites fabricated 
by conventional ball milling showed minimal improvement in mechanical 
properties. During the high energy ball milling process, CNTs receive impact 
energy from the balls and this breaks the CNTs and produces amorphous 
carbon on the surface of the CNTs which lowers the mechanical properties of 
the CNT/Al composites [8, 9]. While defects in graphene/CNT have shown to 
enhance the interfacial binding and load transfer with polymer matrices [2, 
10], the same is not true for metal matrices. Hence, it is crucial to select a 
fabrication process for graphene-metal composites which could 
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homogeneously disperse the graphene reinforcement while maintaining its 
structural integrity. 
A strong interface between the graphene/matrix and a good dispersion 
of graphene are two main criteria in obtaining highly strengthened composites. 
Previous studies have shown that Mg have poor wettability to the CNT surface 
[11]. Similarly, due to the perfect sp
2
 carbon structure of graphene, it has a 
limited ability to form strong bonds with the surrounding Mg metal matrix. 
This results in a weak interface with the metal matrix. Hence, addition of a 
suitable metal species to graphene is a promising strategy where interface 
adhesion between the metal matrix and graphene can be improved. Few 
metals, such as Ni, Pd, and Ti, were found to strongly bond with pristine 
CNTs [12-14]. These metals will also be suitable for use with graphene. 
Previously,  Ni particulates (14 wt.%) addition to magnesium (Mg) has been 
demonstrated by Hassan and Gupta [15] to significantly enhance the tensile 
strength by 80 % and 0.2% yield strength by 320 %, through the formation of 
a intermetallic resulting in strong interfacial bonding. In view of this, Ni was 
chosen to act as an interface between graphene and Mg.  
Limited reaction may be used to tailor the interface properties. As 
described in Chapter 4, for the development of Mg/Ni-CNT composites 
through the addition of Ni-coated CNT, the formation of the interface 
intermetallic (Mg2Ni) of controlled thickness ensured good wetting of the 
CNT with the Mg matrix. This contributed to the significant enhancement of 
composite’s mechanical properties. Hence, it is hypothesized that the addition 
of an appropriate amount of nano-sized Ni particles could also improve the 
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dispersion of the GNP in the Mg matrix by the generation of a strengthened 
interface through the formation of an optimal amount of Mg2Ni intermetallics. 
Accordingly, in this study, Mg composites were fabricated using pure 
magnesium as the matrix material with Ni+GNP and pristine GNP as the 
reinforcement materials. The composites were synthesized using the powder 
metallurgy route. Minimal damage was introduced to the reinforcements used 
in this study since the Mg powder was blended with the appropriate amount of 
reinforcements in a mechanical alloying machine at 200 rpm for 1 h without 
the use of any milling media or process control agents. The homogenized 
powder mixtures of Mg and reinforcement were then cold compacted, sintered 
using a hybrid microwave sintering technique, followed by hot extrusion 
(extrusion ratio 19:1) to yield 8mm rods for characterization studies.  
The effects of Ni nanoparticles addition (0.1 wt% and 0.5 wt.%) on the 
mechanical behavior of GNP reinforcements and their embedded Mg matrix 
composites were investigated. Comparative studies were also conducted with 
GNP reinforcements without addition of Ni. The suitability of the addition of 
Ni to GNP to improve the interface with Mg matrix was verified through tests 
which assessed the composites’ mechanical properties. 
 
7.2 Results and Discussions 
7.2.1 Materials 
In this study, magnesium powder of 98.5% purity with a size range of 
60–300 µm (supplied by Merck, Germany) was used as the matrix material. Ni 
nanoparticles (supplied by Nanostructured & Amorphous Materials Inc., USA) 
were mixed with GNP to form Ni+GNP reinforcements. A tapping mode 
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atomic force microscopy (AFM) image of Ni nanoparticle (Figure 7.1a) 
revealed an average diameter of ~25 nm from the cross-section analysis 
(Figure 7.1b). Graphene nanoplatelets (GNP) were produced using a plasma 
exfoliated process (supplied by Cheap Tubes Inc., USA). The few-layered 
graphene has an average thickness of 3 - 10 nm and 1 - 2 m in size (Figure 
7.1c). EDX analysis showed that the GNP contains mainly carbon (C) with 
little or absence of oxygen (O) peaks.  
 
   
   
     
 
Figure 7.1. AFM images showing (a) 3D view and (b) surface profile of Ni 
nanoparticle. (c) TEM micrograph of the graphene nanoplatelet and (d) 
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7.2.2 Density and Porosity Measurements 
Table 7.1 shows the density and porosity results of Mg and Mg 
composites. A slight increase in density was observed for increasing loading 
fraction of Ni nanoparticles (0.1 to 0.5 wt.%). This is attributed to the larger 
density of Ni (8.9 g/cm
3
) compared to Mg (1.74 g/cm
3
). Overall, the addition 
of Ni+GNP and pristine GNP reinforcements did not affect the material’s 
density which is desirable for lightweight applications of Mg composites. Near 
dense samples were achieved with the addition of Ni+GNP and GNP 
reinforcements with a slight increase in porosity (0.14 vol.% to 0.3 vol.%) 
compared to monolithic Mg. Reduction in porosity was observed with 
increasing loading fraction of Ni. The presence of minimal porosity in 
Mg/Ni+GNP composites can be attributed to the use of appropriate processing 
parameters and good compatibility of Ni as an interface material for GNP and 
Mg. This led to good dispersion of the Ni+GNP reinforcements on the Mg 
particles during the blending process and minimal debonded regions and voids 
during the sintering process. 
 
Table 7.1.  Results of density and CTE for Mg and Mg nanocomposites. 
 
Materials 










Mg 1.739 ± 0.007 0.14 28.88 
Mg/0.3GNP 1.734 ±  0.004 0.33 27.44 
Mg/0.1Ni+0.3GNP 1.742 ± 0.005 0.30 27.41 
Mg/0.5Ni+0.3GNP 1.748 ±  0.007 0.28 27.10 
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7.2.3 Coefficient of thermal expansion (CTE) 
 CTE measurements obtained from the extruded monolithic and 
reinforced magnesium composites samples are listed in Table 7.1. CTE results 
showed an improvement in the dimensional stability of magnesium matrix in 
the temperature range of 40 to 400 C with the addition of pristine GNP and 
Ni+GNP reinforcements. The decrease in CTE values in the composites can be 
attributed to: (i) good interfacial integrity between reinforcements and the 
matrix resulting in the effectiveness of the reinforcements to constrain the 
expansion of the matrix and (ii) also the lower CTE of Ni (13.9 x 10
-6
/C) [15] 
and GNP (~1 x 10
-6
/C) [16], compared to Mg (28.8 x 10-6/C). 
 
 
7.2.4 Microstructural Analysis 
Grain size studies revealed a predominantly equiaxed grain structure 
and a significant reduction in grain size (~78 %) with the addition of 
0.5wt.%Ni+0.3wt.%GNP reinforcements (Table 7.2, Figure 7.2) compared to 
the Mg matrix material. Similar to Mg/Ni-CNT composites (Chapter 4), the 
presence of Ni and/or intermetallics are efficient grain refiners for Mg 
nanocomposites. The aspect ratio and roundness of the grains were not 
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Table 7.2.  Results of grain morphology analysis for Mg and Mg nanocomposites. 
 
Materials 







Mg 25.0 ± 5.9 1.40 ± 0.31 1.32 ± 0.13 
Mg/0.3GNP 21.5 ± 5.4 1.59 ± 0.40 1.42 ± 0.17 
Mg/0.1Ni+0.3GNP 6.1 ± 1.7 1.45 ± 0.30 1.32 ± 0.13 
Mg/0.5Ni+0.3GNP 5.6 ± 1.8 1.56 ± 0.41 1.37 ± 0.17 
a  Aspect ratio is measured by dividing the maximum dimension by the minimum dimension of the 
grain. 
b  Roundness is the shape of the grain expressed by the formula (perimeter)2/4(area); the lower the 
roundness, the less sharp the edges will be (circle roundness = 1). 
 
 
Figure 7.2.  Representative optical images of (a) Mg, (b) Mg/0.3GNP, (b) 
Mg/0.1Ni+0.3GNP and (d) Mg/0.5Ni+0.3GNP composites, showing the 
difference in grain sizes after etching. 
 
7.2.5 Distribution of Reinforcements 
In the synthesis of Mg/Ni+GNP composites, the Ni nanoparticles were 
first blended with the GNP using mechanical alloying machine at 200 rpm for 
1 h without the use of any milling media or process control agents to form 
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nanoparticles on GNP surface. A second blending procedure using the same 
parameters produced homogenized Mg/Ni+GNP powders (Figures 7.3(c and 
d)). EDX spectrum (Figure 7.3e) showed the respective elements present on 
the surface of the powders.  
 
 
Figure 7.3. Representative SEM micrographs showing the distribution of (a, b) Ni 
nanoparticles in Ni+GNP powders and (c, d) Ni+GNP reinforcements in 
Mg/Ni+GNP powders. (e) EDX spectrum of the elements present on the 
surface of Ni+GNP and Mg/Ni+GNP powders respectively. 
  (a) (b) 
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The distribution of reinforcement in the composites after compaction 
and sintering was further analyzed using polished samples. In the Mg/Ni+GNP 
composites, the reinforcements existed in the form of individually dispersed 
Ni+GNP (Figures 7.4(a and b)) and Ni nanoparticles (Figure 7.4c). As shown 
in Figures 7.4(a and b), the Ni nanoparticles were observed to be ‘sandwiched’ 
between the GNP reinforcements and the Mg matrix. The Ni nanoparticles 
acted as spacers which prevented the clustering of the GNP reinforcements as 
well as anchoring points to the surrounding Mg matrix. The reinforcements 
remained on the sample’s surface even after being subjected to shear forces 
introduced by the polishing process indicating strong interaction between the 
Ni nanoparticles, Ni decorated GNP reinforcements and the Mg matrix.  
In contrast, there were higher tendency for GNP to form clusters and 
agglomerates in the Mg/GNP composites (Figure 7.4d). The presence of 
submicron voids surrounding the GNP clusters also contributed to higher 
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Figure 7.4. Representative SEM micrographs showing the distribution of (a, b) 
Ni+GNP and (c) Ni nanoparticle reinforcements in Mg/Ni+GNP 
composites and (d) GNP reinforcements in Mg/GNP composites 
. 
 
Figure 7.5. Representative SEM micrographs of (a) Mg/Ni+GNP and (b) Mg/GNP 
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Figure 7.6.  Representative TEM micrographs showing distribution of (a, b) GNP 
in Mg/GNP composites and (c - g) Ni+GNP in Mg/Ni+GNP 
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TEM observations also revealed the clustering of GNP reinforcements 
in the Mg/GNP composites (Figures 7.6(a and b)). In contrast, the Ni+GNP 
reinforcements were mostly individually dispersed in the Mg matrix (Figures 
7.6(c-g)). Higher magnification of the graphene nanoplatelets (Figures 7.6(b, f 
and g)) revealed the intact graphene layers (spaced at 0.34 nm). The structure 
of the graphene reinforcements were not destroyed by the high sintering 
temperature (640 °C) and the fabrication process used in this study. As a 
planar sheet, it is difficult to disperse GNP homogenously throughout the 
metal matrix as they are prone to clustering due to their high specific surface 
area (SSA) (>750 m
2
/g) [17]. The presence of interfacial products formed at 
the Mg-GNP interface (Figures 7.6(e and g)), lowered the interface energy, 
improved interfacial bonding and hence allowed a uniform dispersion of the 
Ni+GNP in the Mg matrix. 
 
7.2.6 Interface Analysis 
It is necessary to study the interfacial reaction phenomena of the GNP 
in the Mg matrix since the strength of the matrix composites is dependent on 
(i) the interfacial strength between the reinforcement and the matrix [18] and 
(ii) the stress transfer at the interface [19]. Figure 7.7a shows the presence of 
Ni nanoparticles anchored on the GNP sheet surrounded by the Mg matrix. 
Figure 7.7b confirms the presence of carbon (C), oxygen (O), nickel (Ni) and 
magnesium (Mg) elements in the Mg/Ni+GNP composites from the EDX 
analysis. The presence of the copper peaks (Cu) originated from the sample 
grid used for the TEM study.  
 XRD is an effective method to determine whether GNP exists as 
individual graphene sheets in the composites. Figure 7.8 shows the XRD 
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patterns of the Mg/GNP and Mg/Ni+GNP composites. The GNP exhibited an 
intense peak at 2θ value of ~26.4°, assigned to the stacking of the single 
graphene layers at a distance of 0.34 nm [20]. There was no observable GNP 
peak for Mg/Ni+GNP composites which might be due to the exfoliation and 
uniform distribution of the platelets within the Mg matrix. In contrast, a peak 
around 26.5° which corresponded to GNP is observed for Mg/GNP 
composites. Similar results were reported by others [20, 21], where  the 
intensity of this peak increased with GNP loading and with the presence of 
more graphene layers or clusters that were unable to disperse and were still 
organized in stacks. This is shown evidently in Figures 7.4 and 7.6 where the 
Ni nanoparticles and Ni+GNP reinforcements were individually dispersed in 
the Mg/Ni+GNP composites while there were higher occurrences of GNP 
reinforcements existing in clusters and stacks in the Mg/GNP composites. The 
XRD analysis (Figure 7.8) confirmed the presence of Mg2Ni diffraction peaks 
in the Mg/Ni+GNP composites and the presence of MgO peaks in both 
composites.  
 The formation of MgO could originate from the oxidation of the Mg 
powders during processing [22]. The formation of the Mg2Ni is due to the 








2Mg(s) + Ni(s)  Mg2Ni(s) 
Mg(s) + Ni(s) + Mg2Ni(s)  Mg-Ni(l) 
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Upon cooling below 506C, the molten alloy transformed into solid Mg-




where s and l refers to the reactant or product is in the solid or liquid states.  
 In the case of Mg/Ni+GNP composites, the use of Ni nanoparticles has 
several advantages. Firstly, the nickel nanoparticles anchored on the GNP 
surface act as a spacer to prevent restacking and aggregation of the GNP 
during processing, thus allowing a good dispersion in the Mg matrix. 
Secondly, the Ni nanoparticles react with Mg to form an effective Mg2Ni 
interface layer, hence improving the bonding between the GNP and Mg 
matrix. Last but not least, the pristine Ni particles added to Mg could 
significantly improvement in its hardness and tensile strength [15].  
 
   
 
Figure 7.7.  (a) TEM micrograph and (b) EDX spectrum of Mg/Ni+GNP composites 








Mg-Ni(l)  Mg(s) + Mg2Ni(s) 
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Figure 7.8.  Representative XRD diffractograms of the Mg/GNP and Mg/Ni+GNP 
materials. 
 
7.2.7 Mechanical Behaviour 
The results of microhardness, room temperature tensile and 
compression measurements conducted on extruded samples are shown in 
Table 7.3, Table 7.4 and Figure 7.9. The results showed an increase in 
mechanical properties with increasing Ni loading for the Mg/Ni+GNP 
composites.  These could be attributed to the formation of an optimal amount 
of Mg2Ni intermetallics which contributes to the enhanced interfacial strength 
between the GNP and Mg matrix, thus allowing higher load bearing 
capabilities. Better properties were also observed in comparison with the 
Mg/GNP composites.  
The largest improvement in mechanical properties was observed for 
the Mg/0.5wt.%Ni+0.3wt.%GNP composites. Significant improvement of 
hardness (~42 %), 0.2% tensile yield strength (~130 %) and ultimate tensile 
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strength (~66 %) were achieved when compared to that of the base Mg 
material. Furthermore, a maximum of ~44 % increase in energy absorbed up 
to tensile fracture was also observed. For the compressive properties, the 
elastic modulus (measured using nanoindentation), 0.2% compressive yield 
strength (CYS) and the ultimate compressive strength (UCS) improved by 29 
%, 35 % and 37 %, respectively when compared to that of the base Mg 
material.   
 

















Mg 38 ± 3 93 ± 1 154 ± 4 8.0 ± 1.1 13.3 ± 2.5 
Mg/0.3GNP 41 ± 4 101 ± 2 157 ± 3 7.1 ± 0.8 10.8 ± 1.1 
Mg/0.1Ni+0.3GNP 53 ± 2 167 ± 8 220 ± 6 7.4 ± 0.8 16.4 ± 1.8 
Mg/0.5Ni+0.3GNP 54 ± 1 214 ± 4 255 ± 1 7.3 ± 1.0 19.1 ± 2.9 
 
 


















Mg 44.9  1.4 86 ± 6 242 ± 8 19.3 ± 1.4 37.8 ± 0.9 
Mg/0.3GNP 48.4  2.8 85 ± 8 277 ± 7 12.1 ± 3.8 32.9 ± 4.0 
Mg/0.1Ni+0.3GNP 53.1  1.5 96 ± 4 296 ± 6 9.6 ± 1.2 26.4 ± 2.9 
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Figure 7.9.  Representative (a) tensile and (b) compressive stress-strain curves of 
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The increase in hardness could be attributed to the presence of Mg2Ni 
intermetallics in the Mg/Ni+GNP composites. It was reported by Zhang et al. 
[23] that Mg2Ni had a higher hardness of 244 Hv when compared to unreacted 
Ni (100 Hv) and Mg (44 Hv). Hence, the increasing loading fraction of Ni 
would increase the formation of Mg2Ni, thus leading to the enhancement in 
hardness. 
An increase in elastic modulus was observed with increased Ni and 
GNP loading in the Mg composites. This could be attributed to: (i) the 
presence of reinforcements with high modulus (199.5 GPa for Ni [24] and 
1.02 TPa for GNP [25]), (ii) the presence of interface materials with high 
modulus (54.7 GPa for Mg2Ni [26] and 249 GPa for MgO [27]) and (iii) 
uniform distribution of reinforcement with good interfacial integrity. In 
Mg/Ni+GNP composites, uniform distribution of reinforcements, coupled with 
good matrix-reinforcement interfacial integrity could lead to an increase in 
internal stress between reinforcement and matrix [28] resulting in the larger 
enhancement of elastic modulus compared to Mg/GNP composites.  
Strengthening by incorporating Ni+GNP is due to the synergistic 
combination of the following mechanisms: i) grain refinement, ii) 
geomertrically necessary dislocation (GNDs) arising from thermal and elastic 
modulus mismatch, iii) Orowan strengthening and iv) efficient load transfer 
from the matrix to Ni+GNP [29].  
The contribution of grain refinement to the yield stress ( y ) could be 
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where Ky (280 MPa.µm
-1/2
) [30] is the stress intensity factor for plastic 
yielding and d is the average grain diameter. The 
Mg/0.5wt.%Ni+0.3wt.%GNP composites exhibited enhanced flow stress of 
214 MPa. The calculated yield strength was ~118 MPa as grain size was 
reduced to ~5.6 m.  The refinement in grain size is attributed to: (i) the 
presence of Ni+GNP reinforcements acting as nucleation sites during 
recrystallization and (ii) the pinning of grain boundaries by the Ni+GNP 
reinforcements resulting in limited grain growth [31]. The decrease in grain 
size led to the increase in the amount of grain boundaries which act as 
obstacles to the dislocation movement and resulted in dislocation pile-ups. 
These obstacles led to an overall increase in the strength of the Mg/Ni+GNP 
nanocomposites over that of the monolithic Mg and Mg/GNP composites. 
The differences in CTE (CTE of Mg ~28.88 x 10
-6
/C, GNP ~1 x 10-
6
/C and Ni ~13.9 x 10-6/C) and elastic modulus of Mg (45 GPa) [32], GNP 
(1 TPa) [33] and Ni (207 GPa) [34] also gave rise to geometrically necessary 
dislocations (GNDs). These in turn led in the increase in the composites’ 
strength which is earlier discussed in Chapter 4.  
The presence of nano-sized Ni and GNP particles could result in 
residual dislocation loops formed around the particles after a dislocation bows 
and bypass them. The loops could lead to high work hardening rates which 
strengthens the composites. The contribution of Orowan strengthening to the 
yield stress ( Orowan ) under the assumption that the particles are non-
shearable by dislocations and uniformly distributed in the slip plane of an 
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where M  is the Taylor factor, G  is the shear modulus, b  is the Burgers 
vector,   is the effective planar inter-particle distance, v is the Poisson's ratio 
and td is the uniform diameter.  
The effective planar inter-particle distance,   for the different particle 
shapes (plates and sphere) in Mg matrix has been derived by Nie et al. [36]. 




where f is the volume fraction, td is the uniform diameter, tt is the uniform 
thickness and A  is the plate aspect ratio (= tt td / ) of the GNP plates. For 




where f is the volume fraction and td is the uniform diameter of the spherical 
Ni nanoparticles. 
 In general, increasing the aspect ratio of the GNP plates, decreasing the 
diameter of the particles or increasing their volume fraction could lead to an 
increment in the yield strength by Orowan strengthening. This explained the 
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composites, the individually dispersed spherical Ni nanoparticles and GNP 
plates (Figures 7.4 and 7.6) corresponds to small particle diameters and large 
plate aspect ratios. These resulted in a large number of particles intersecting a 
unit area of the slip plane leading to an increase in the critical resolved shear 
stress (CRSS) required to promote dislocation motion in the composites.  
In the case of Mg/GNP composites, the effect of Orowan strengthening 
is less significant. The GNP reinforcements were found to exist in undesirable 
graphite structures formed through agglomeration, folding, restacking and 
scrolling (Figures 7.4 and 7.6). These were due to strong van der Waals 
interactions between the GNP reinforcements. The lack of individually 
dispersed GNP reinforcements lowered the probability for them to interact 
with dislocation effectively. 
Another important strengthening mechanism is the load transfer 
mechanism which is strongly dependent on the interfacial bonding between 
the GNP reinforcement and the Mg matrix. Figures 7.6(e and g) showed the 
presence of interfacial products surrounding the GNPs in Mg/Ni+GNP 
composites. It has been shown theoretically [37] and experimentally [38] that 
Ni could be firmly absorbed on the GNP surface due to low Ni-graphene 
interfacial energies (1.51 J/m
2
  in Ni (111)), high binding energy (2.49 eV) and 
high diffusion barriers. At the Ni surface interfacing with the Mg matrix, a 
strong intermetallic (Mg2Ni) was formed. While at Ni deficient areas, the GNP 
interacts strongly with the O-terminated polar oxide surface of the MgO [39] 
interface layer through diffusion [22]. These MgO films originated from the 
surface oxide films of the as-received raw Mg powders [22]. 
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For maximum strengthening efficiency, the load must be transferred to 
the stronger GNP reinforcements. Figure 7.10 shows how the load is 
transferred to the GNPs when they are aligned parallel and perpendicular to 
the loading direction. In the first scenario (Figure 7.10a), when the load is 
parallel to the GNP, the interfacial products on the GNPs’ surface result in 
interfacial shear stress generation. In this case, the strength of the composite is 
largely limited by the shear strength of the interfacial product. At the end 
edges of the GNP, the interfacial product helps in pinning the GNP to the Mg 
matrix. Figures 7.6(e and g) show the presence of interfacial reaction products 
surrounding the GNP reinforcements in the Mg/Ni+GNP composites. These 
interfacial products help to form a strong interface between the Mg and the 
GNP, hence allowing the load bearing ability of the GNP to be utilized.  
In the second scenario (Figure 7.10b), when the load is perpendicular 
to the GNP, the strength of the composites is largely limited by the fracture 
strength of the interfacial products. The in-plane tensile strength of the GNPs 
is not used in the strengthening. As shown earlier, in the case of Mg/Ni+GNP 
composites, interfacial products could be the presence of MgO and 
intermetallic Mg2Ni while in the case of Mg/GNP composites, only MgO 
could be formed. The interfacial products are formed through the reaction 
between the Mg matrix and the outermost layer of the GNP reinforcements.  
Hence, few-layered graphene (GNP) were chosen in place of single-layer 
graphene since they may be destroyed after undergoing the high temperature 
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Figure 7.10. Schematic showing the different modes of stress transfer when the load 
is applied (a) parallel and (b) perpendicular to the orientation of GNP 
reinforcements in the Mg matrix. 
 
 In the case of Mg/GNP composites, higher porosity was resulted due 
to poor wetting with the pristine GNP’s surface in the absence of an effective 
interfacial layer such as the Mg2Ni intermetallic layer in the Mg/Ni+GNP 
composites. The formation of MgO interfacial layer between the CNT and the 
Mg was shown to be discontinuous in the Mg/CNT composites and less 
effective as compared to the Mg2Ni intermetallics in the case of Mg/Ni-CNT 
composites (as reported in Chapter 4). Thus, the load transfer from the matrix 
to the GNP was achieved through a strengthened interface via the presence of 
Ni nanoparticles in the Mg/Ni+GNP composites. 
Another interesting thing to note is that the tensile failure strain for the 
Mg/Ni+GNP composites remained similar (< 9 % decrease) to that of the base 
Mg material. It was reported by Hassan et al. [15] that ductility was reduced 
significantly with the increasing amount of Ni added to Mg. This was 
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Mg2Ni in the composites which act as crack nucleation sites leading to a 
decrease in ductility under the tensile load. This gave further evidence that the 
amount of Ni loading (0.5 wt.%) used in this study was optimal. Furthermore, 
the change in the distribution of reinforcements in the Mg matrix from a 
predominantly aggregated type (in the case of Mg/GNP) to a dispersed type 
(in the case of Mg/Ni+GNP) (Figure 7.4) could also assist in maintaining the 
ductility of the Mg/Ni+GNP composites [40]. 
In contrast to the tensile failure strain (Table 7.3, Figure 7.9a), the 
compressive failure strain for the Mg/GNP and Mg/Ni+GNP composites 
(Table 7.4, Figure 7.9b) showed a significant decrease of up to ~53 % when 
compared to that of the base Mg material. Zhang et al. [41] conducted 
simulation studies on the graphene ribbons and graphene sheet under uniaxial 
tensile and compressive strains. It was found that under compressive loads, 
buckling and fracture could be induced. In the case of thin films, the 
compressive strain will first induce buckling followed by fracture. However in 
the case of very thick films, the compressive strain is similar to the tensile 
strain for fracture. Hence, for an extremely thin material like GNP (<10 nm), 
the mechanical instability is induced due to the high asymmetry in the 
compressive-tensile strain. The critical compressive strain for buckling is 
several orders of magnitude smaller than the critical tensile strain for fracture 
[41]. This explains the more significant reduction in compressive failure strain 
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7.2.8 Fracture Behaviour 
Tensile fracture surfaces of the Mg and Mg/GNP and Mg/Ni+GNP 
composites are shown in Figure 7.11. The fractured surfaces of the monolithic 
Mg and Mg/GNP composites showed the presence of cleavage steps (Figures 
7.11(a-d)). However, the tensile fractured surface of the Mg/Ni+GNP 
composites (Figure 7.11e) exhibited a higher occurrence of small dimple-like 
features. The involvement of shear and the formation of dimple-like features 
during deformation and fracture can be attributed to strain localization around 
the reinforcements in the composites [42].  
 
Compressive fracture surfaces of the Mg, Mg/GNP and Mg/Ni+GNP 
composites are shown in Figure 7.12. Examination of the fractured surfaces of 
monolithic Mg (Figure 7.12a) and Mg/GNP composites (Figure 7.12b) 
revealed smooth shear bands which can be attributed to twinning shear. 
However, the fracture surface of the Mg/Ni+GNP composites (Figure 7.12c) 
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Figure 7.11. Fractographs of (a, b) monolithic Mg, (c, d) Mg/GNP composites and 
(e, f) Mg/Ni+GNP composites showing the difference in fracture 
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Figure 7.12.  Fractographs showing (a) prominent shear bands in (a) Mg, (b) 
Mg/GNP composites and (c) mixed-mode of shear and brittle fracture 
in the case of Mg/Ni+GNP composites, after compression test.  
 
7.3 Conclusions 
In summary, Mg composites reinforced with GNP and Ni+GNP were 
successfully synthesized using the powder metallurgy route incorporating 
microwave assisted rapid sintering. An enhancement in mechanical properties 
was observed with increasing loading of Ni in the Mg/Ni+GNP composites. In 
the case of Mg/0.5wt%Ni+GNP composites, simultaneous increase of the 
microhardness by 42 %, the elastic modulus by 29 %, the 0.2% TYS by 130 
%, the UTS by 66 %, the 0.2% CYS by 35 % and the UCS by 37 % in 
comparison with that of the monolithic Mg were achieved. These are due to 
the combined effects of : (i) the grain size refinement, (ii) the formation of 
geometrically necessary dislocations, (iii) Orowan strengthening due to the 
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through enhanced interfacial interaction between the Ni+GNP and the Mg 
matrix.  
The reinforcement-matrix interface is designed with a reaction layer to 
enhance the bonding and to maximize the load bearing potential of the 
reinforcing phase. The formation of an optimal amount of interface 
intermetallic (Mg2Ni) (governed by Ni loading fraction), ensured good wetting 
of the GNP with the Mg matrix. This allowed good dispersion of the Ni+GNP 
reinforcements in the Mg matrix. These contributed to the significant 
enhancement of the Mg/Ni+GNP composite’s mechanical properties without a 
large decrease in ductility. 
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Carbon reinforcements (CNT, Ni-CNT, GNP, GO and Ni+GNP) were 
used to develop five different types of Mg/C composites. The reinforcing 
efficiency of the carbon reinforcements can be summarized as follows: CNT < 
GNP < GO < Ni-CNT < Ni+GNP. The composite which yielded the highest 
improvement in strength (+130 %) was derived from the addition of 0.5wt.% 
Ni nanoparticles and 0.3wt.% GNP. Composites using pristine CNT and 
graphene showed the least improvements in mechanical properties. Graphene 
showed better properties compared to CNT with the same wt.% added to Mg. 
Further improvements in mechanical properties were achieved when oxides or 
intermetallics were formed at the reinforcement-matrix interface. These were 
derived from GO (forming MgO interface), Ni-CNT (forming Mg2Ni 
interface) and Ni+GNP (forming Mg2Ni interface) reinforcements. 
The following general conclusions can be derived from this study. 
 
Processing 
1. Conventional solid state powder metallurgy technique incorporating 
hybrid microwave sintering and hot extrusion was successfully used to 
synthesize near dense (>99 vol.%) Mg composites containing carbon 
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Development of Mg/Ni-CNT composites 
1. In the case of Mg/Ni-CNT composites, simultaneous enhancements of 
the UTS by 39 % and the 0.2% YS by 64 % in comparison with that of 
the monolithic Mg were achieved with 0.3wt.% Ni-CNT addition.  
2. This was attributed to various factors which include: (i) the grain size 
refinement, (ii) stress increment due to elastic modulus and coefficient 
of thermal expansion mismatch between the matrix and the Ni-CNTs, 
(iii) the good dispersion of the Ni-CNT reinforcements within the Mg 
matrix and (iv) the enhanced interfacial interaction between the Ni-
CNT and the Mg matrix.  
3. The formation of the interfacial intermetallic (Mg2Ni) ensured good 
wetting of the CNT with the Mg matrix. This prevented the formation 
of microscale cavity at the interface and allows the good adherence at 
the interface to avoid premature delamination. These contributed to the 
significant enhancement of nanocomposite’s mechanical properties 
without sacrificing its ductility.  
 
Development of Mg/GNP composites 
1. In the case of Mg/GNP composites, Mg/0.3wt.% GNP yielded the best 
tensile properties with simultaneous enhancements of the UTS by 13 % 
and the 0.2% YS by 17 % in comparison with that of the monolithic 
Mg.  
2. Higher reinforcement efficiency was achieved with the additions of 
GNP compared with the additions of CNT. This was attributed to: (i) 
the higher specific area of the GNP as compared to that of the CNT, 
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(ii) the rougher surfaces on the GNP interlock better with the Mg 
matrix and (iii) the presence of dense GNP clusters.  
 
Development of Mg/GO composites 
1. In the case of Mg/GO composites, Mg/0.3wt.% GO composite yielded 
the best mechanical properties whereby its microhardness, 0.2% yield 
strength and ultimate tensile strength increased by 21 %, 29 % and 10 
%, respectively when compared to that of the base Mg material. 
2. A 25 % decrease in ductility was noted for the case of Mg/0.3wt.%GO 
composite, however, its failure strain of 6 % is still sufficient for 
standard engineering application.  
3.  A denser Mg/0.3wt.% GO composite with lower level of porosity was 
also observed.  
4. The presence of the MgO interfacial layer in Mg/GO composites 
indicated a strong interaction between the GO and the Mg matrix. This 
led to an enhanced load transfer across the interface, thus realizing the 
high stiffness potential of the GO. 
 
Development of Mg/Ni+GNP composites 
1. In the case of Mg/Ni+GNP composites, with the addition of 
0.5wt.%Ni+GNP reinforcements, the composite exhibited a 
simultaneous increase in microhardness by 42 %, elastic modulus by 
29 %, 0.2% TYS by 130 %, UTS by 66 %, 0.2% CYS by 35 % and 
UCS by 37 % in comparison with that of the monolithic Mg. 
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2. The improved mechanical performance was attributed to the combined 
effects of : (i) the grain size refinement, (ii) the formation of 
geometrically necessary dislocations, (iii) Orowan strengthening due to 
the presence of Ni and GNP reinforcements, and (iv) the good load 
transfer ability through enhanced interfacial interaction between the 
Ni+GNP and the Mg matrix. 
3. The formation of an optimal amount of interface intermetallic (Mg2Ni) 
facilitated a good dispersion of the Ni+GNP reinforcements in the Mg 
matrix. This contributed to the significant enhancement of the 
Mg/Ni+GNP composite’s mechanical properties without a large 
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9.1 Applications of Mg/C composites 
The potential applications of Mg/C composites utilizing their 
lightweight, structural and thermal properties are summarized in Table 9.1 [1]. 
 
Table 9.1.  Potential applications of CNT-reinforced metal-matrix composites in 
various industries. 
 
Industry Application Property Desired 
Automobile Break shoes, cylinder liners, 
piston rings, gears 
 
High strength, wear resistance,  
good thermal conductivity, 
low density 
 
Aerospace Aircraft brakes, landing 
gears 
 
Good wear resistance, good 
thermal conductivity, low 
density, high strength 
 
Space applications High gain antenna boom, 
structural radiators 
 
Low density, high strength, low 
coefficient of thermal 
expansion, good electrical 
conductivity 
 
Sports Lightweight bicycles, tennis 
and badminton rackets 
 
High strength, high elastic 
modulus 
 
Electronic Packaging Heat sinks for thermal 
management, solders 
High thermal conductivity, low 
coefficient of thermal 
expansion, increased strength 
 
 
The incorporation of carbon reinforcements into Mg matrices forms 
composites suitable for various engineering applications (aerospace, 
automobile, space, consumable products etc.). For high strength applications, 
Mg/0.5Ni+0.3GNP (214 MPa) could be used, while Mg/0.06wt.%Ni-CNT (23 
MJ/m
3
) could be used for applications which require high toughness. The 
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Mg/0.5Ni+0.3GNP) could also be used in applications where high 
microhardness (~55 Hv) is desired. These multifunctional composites with 
improved mechanical and thermal properties can be prepared by adding low 
amounts of (~0.3 wt.%) carbon reinforcements. Their cost effectiveness makes 
them a promising new class of structural materials for commercialization. 
 
9.2 Future work 
Considering the scope of this thesis in the development of Mg composite 
with enhanced mechanical response, future work may be explored as follows: 
 
1. High temperature creep resistance of the Mg nanocomposites 
Mg has poor creep resistance above the temperature of 125 °C, rendering 
it inadequate for use in engine and power train components. Nanosized 
SiCp has been found to impart good creep resistance to Mg due to grain 
boundary pinning at high temperatures. Further studies can be conducted 
on Mg-CNT, Mg-GNP nanocomposites to determine their creep 
behaviour at elevated temperatures. 
 
2. Effect of length scale of reinforcements on the strengthening and 
deformation mechanisms of Mg composites 
The reinforcement size can be varied to determine the particle size effect 
on the strengthening and deformation mechanisms. An optimum particle 
size that gives maximum strengthening based on Orowan or CTE 
strengthening model can be determined. The influence of particle size on 
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conducted on Mg-CNT, Mg-GNP nanocomposites of different length and 
thickness respectively. 
 
3. Biological applications 
Carbon nanotubes and graphene are known to be inert materials. 
Magnesium is also a biocompatible material. Hence, Mg/CNT and 
Mg/GNP composites could be used as potential implant materials. 
Corrosion and biocompatibility studies could be studied. 
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